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iStudy of Magnetic Vortex Core
by Micromagnetic Simulation
Tomonori Sato
Abstract
Recently, a memory cell using the direction of a magnetic vortex core in a magnetic disk was
proposed. In the magnetic disk, the curling magnetization structure(magnetic vortex) appears to
reduce the demagnetizing energy. In the center of the structure, the magnetization directs up or
down to the disk plane to reduce the exchange energy(vortex core). Since the vortex structure
is stable magnetization structure, the vortex core switching requires several thousands Oersted
of the perpendicular field to the plane. Some researchers reported that the vortex core can be
switched efficiently by using spin current. For the realization of the memory using the vortex core,
the fundamental and applied studies of the vortex core has been reported frequently. However,
the detail of the vortex core motion by spin current is still not clear. This research reports the
following studies, (1) fast simulation by GPU, (2) effect of the Oersted field induced by spin
current, (3) stability of vortex structure on core switching, (4) reduction of switching current
density by using Pac-man shaped disk.
(1) The 3-dimensional model is required for the detailed investigation of the vortex core motion.
However, it consumes a lot of time for the simulation. To reduce the simulation time, we
speed up the micromagnetic simulator by using GPU in this research. By using GPU, the
simulation is 172 times faster than the simulation by the conventional CPU micromagnetic
simulator. The simulator is used for the following researches.
(2) To indicate possibility of integration of the vortex memory, the effect of the Oersted field is
investigated. In case of the vortex core manipulation by spin current, both the spin torque and
the Oersted field induced by the spin current affect the vortex core motion. The Oersted field
decreases with miniaturization of the magnetic disk. If the effect of the Oersted field is large,
the vortex core cannot be manipulated with the miniaturization. To establish the vortex core
manipulation by spin current, the detailed investigation of the effect of the Oersted field is
required. This research investigates the effect by the 3-dimensional simulation. It clarifies
that the effect of the Oersted field is just 8 % of the whole driving force at a maximum. The
estimated effect is much smaller than that of the experimental work.
(3) The stability of the vortex structure has an important role to define the device size. To reveal
the relation between the stability of the structure and the geometry of the magnetic disk,
the stability of the vortex structure in a remnant state was reported. However, the relation
ii
between the stability and the geometry on the core switching has not been reported yet.
This research investigates the stability varying the diameter and the thickness of the disk by
the micromagnetic simulation. The result shows that the disk diameter has to be increased
20∼80 nm than the reported disk diameter to manipulate the vortex core without collapsing
the vortex structure, and the minimum disk diameter is 40 nm.
(4) However some researchers reported that the vortex core can be switched efficiently by spin
current, further reduction of the switching current density for the realization of the memory
using vortex core. The reported studies relating to the vortex core switching, a vortex-
antivortex pair appears during the switching process. However, the nucleation of the vortex-
antivortex pair requires high current density, and it is a strong factor in preventing reduction
of the switching current density. For the reduction of the current density, this reasearch
proposes to use a Pac-man shaped disk which does not use the vortex-antivortex pair in the
switching process. The simulation result shows that the switching current density can be
reduced 75 % compared with the conventional switching method.
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ټݚƅߘ॓੐೑Կ౎ड़˨˩˱ʂڴിɼɫɺƅʼ˝˦ʶ˴˺ʼʫˁʂߞՉˎʪˀʶɿټʠʟϟʺʩ
ʂڽɡʦ๭ๆɭʟ৔ޫɠଚΕɩʠɺɘʟƆλ౫ɿߞड़ਹ௅ೱɻʃ౞ߞҏɼڅʄʠʟߞш൘ڽɿ਻ɫ
ɺպ൘ڽʂڽɡʂߞҏɠټʠʟɳʕɿƅߞड़ਹ௅ೱʂॴߞʯ˔˲ʵƟɠਊюɭʟƆߞՉˎʪˀʶɻ
ʃƅɧʂॴߞʯ˔˲ʵƟʦٹࢢɩɯʟɳʕɿƅϟࣨʂߞшۚਏƭߞՉϟƮɠࡥټɭʟƆϟۚਏʂય
अɻʃƅڱԀʯ˔˲ʵƟʂփلɾਊюʦ๓ɜʟɳʕɿƅߞՉ˩Ɵ˨˺ˏɠ෣௅ळ૥൘ڽɿࣘʒɳʃ
чڽɡʂມη (ϟʺʩ)ɠټʠʟƆߞՉϟۚਏʃҙೱߞҏɿ਻ɫɺಒ࣢ɿΑ଑ɻɖʟɳʕɿƅ˨˩˱
ʘ౎इԶ୾ʂโƜɾˎ˗ʫˀʌʂЫๆɠՃਿɩʠɺɘʟƆɫɟɫɱʂۿɘΑ଑ड़ɟʝƅϟʺʩʂ౞
ୃɿʃ෣૥൘ڽɿॅঘOeʂֲɘߞҏɠ಩์ɻɖʟɼൎ܍ɩʠɺɞʞƅϟʺʩʂڽɡʦๆɘɳˎ˗
ʫˀʂ߹ټɠܟ௔ɻɖʟɼ۪ɜʝʠɺɡɳƆפ௰ƅڱກʘ˘˲ˀࣨʂˀ˛˺୊ກʦๆɘʟɧɼɻڹ
๻ʜɣϟʺʩʂڽɡʦ౞ୃɻɡʟɧɼɠߟɩʠƅϟʺʩɿɸɘɺʂԷ৐٥֋ʘˎ˗ʫˀЫๆʌʂଚ
Ε୾ɠ२ʧɿ۱ɾʣʠɺɘʟƆɫɟɫˀ˛˺୊ກɿʜʟϟʺʩʂϬஓɿɸɘɺʃරɴ೑෗ɾ୅ɠਪ
ɘƆඕ٥֋ɻʃϟʺʩʂϬஓʦ૛ܵɭʟɳʕɿƅ(1) GPUʦๆɘɳۿਙظޔƅ(2) ˀ˛˺୊ກɿʜ
ʞ౎१ɭʟ୊ກߞҏڹїƅ(3) ˀ˛˺୊ກɿʜʟϟʺʩ౞ୃɿɞɥʟϟۚਏΑ଑ड़ƅ(4) ˘ˊʶ˥˺
ؠߞՉˎʪˀʶʦๆɘɳ౞ୃ୊ກව୞ʂଊٹɿɸɘɺʂ٥֋ʦ۱ɷɳƆ
(1) ϟʺʩɿюʣʟˀ˛˺୊ກʘ୊ກߞҏʃߞՉˎʪˀʶ௅ɻλโɻʃɾɣ೾ށɿബшɫɺɘʟɳ
ʕɿƅʾ˦ˬ˳Ɵʾˮ˺ʦๆɘɺϟʺʩʂϬஓʦ૛ʍʟɿʃ 3ߘٴ˩ˎ˲ʦๆɘɺ಺ɭɧɼɠ
಩์ɻɖʞƅʾ˦ˬ˳Ɵʾˮ˺ɿʃൽ੒ɾظޔߗԝɠ಩์ɼɾʟƆ3ߘٴʾ˦ˬ˳Ɵʾˮ˺ʂ
ظޔߗԝʦٹʝɭɳʕɿƅඕ٥֋ɻʃগɮGPUʦๆɘɺۿਙшʦ۱ɷɳɼɧʡƅࡓ๝ʂCPU
ʦๆɘɳʾ˦ˬ˳Ɵˆɟʝ݂੒ช 172ఝۿਙшɻɡʟʾ˦ˬ˳Ɵˆʦݩढ़ɭʟɧɼɠࡥ๝ɳƆ
Ιчɿߟɭ (2)∼(4)ʂ٥֋ʃɧʂढ़їʦๆɘɺ۱ɷɳƆ
(2) ߞՉϟ˨˩˱ʂࡍঀшʂя௾ड़ʦ૛ܵɭʟɳʕɿƅˀ˛˺୊ກɿʜʟ୊ກߞҏڹїɿɸɘɺ૛
ܵɫɳƆˀ˛˺୊ກɿʜʟϟʺʩ৭ݩɻʃƅˀ˛˺ˏ˲ʶɼˀ˛˺୊ກɠݩʞࡥɭ୊ກߞҏʂ
ຑ൘ɠϟʺʩʂϬஓɿϳׄɭʟƆ୊ກߞҏʃߞՉˎʪˀʶʂಘݔшɼ֩ɿࠜɣɾʟɳʕƅ୊ກ
ߞҏʂڹїɠ੒ɡɘࣟ܄ƅߞՉˎʪˀʶʂಘݔшɿ౛ɘ୊ກߞҏɠࠜɣɾʞƅˀ˛˺୊ກɿʜ
ʟϟʺʩ৭ݩɠɻɡɾɣɾʟɼʂ෻੕ɠɖʟƆɧʂɳʕˀ˛˺୊ກɿʜʟϟʺʩ৭ݩҷ๼ɿʃ
୊ກߞҏڹїʦ࣏ݔɿ૛ʍʟ಩์ɠɖʟƆඕ٥֋ɻʃ 3 ߘٴ˩ˎ˲ʦๆɘɺ୊ກߞҏڹїʦ࣏
ݔɿ૛ʍƅ୊ກߞҏڹїʃ݂੒ɻʖুױஓຢʂ 8 %ଟ୞ɼಅҼଯࢡɩɾڹїɻɖʟɧɼʦߟɫƅ
ߞՉˎʪˀʶಘݔшʂя௾ड़ʦߟɫɳƆ
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(3) ϟʺʩʂΑ଑ड़ʃƅˎ˗ʫˀʂʼʫˁʦىʕʟ࡚์ɾ์χɻɖʟƆϟʺʩʂ౞ୃʦ౛ʣɾɘॴ
޸ࣨੁɿɞɥʟߞՉϟۚਏʂΑ଑ड़ɼߞՉˎʪˀʶʼʫˁɿɸɘɺʃɭɻɿൎ܍ɩʠɺɘʟƆ
ɫɟɫϟʺʩ౞ୃʦ۪຋ɫɳϟۚਏʂΑ଑ड़ɿɸɘɺʃʒɴթ໱ɩʠɺɘɾɘƆඕ٥֋ɻʃƅ
ˀ˛˺୊ກɿʜʟϟʺʩ౞ୃʦ౛ɚࣟ܄ʂϟۚਏʂΑ଑ड़ɿɸɘɺ૛ʍɳƆʾ˦ˬ˳Ɵʾˮ˺
ٌїʜʞƅΑ଑ɿߞш౞ୃɠ۱ɾɜʟߞՉˎʪˀʶʼʫˁʂчځʃƅॴଯࣨੁɿɞɥʟˎʪˀ
ʶʼʫˁʂчځʜʞʖ 20∼80 nm ଟ୞੒ɡɘɧɼʦߟɫƅ๭ๆя௾ɾ݂ࢡˎʪˀʶʼʫˁɠ
40 nmɻɖʟɧɼʦߟɫɳƆ
(4) ঽࡧʂโɿˀ˛˺୊ກɿʜʞϟʺʩʦڹ๻ຜɣ৭ݩя௾ɻɖʟɧɼɠߟɩʠɳƆɫɟɫ˨˩˱
ʂ߹ټʂɳʕɿʃƅɩʝɾʟ౞ୃ୊ກʂଊٹɠ಩์ɼ۪ɜʝʠɺɘʟƆټݚൎ܍ɩʠɺɘʟϟ
ʺʩʂ౞ୃɻʃƅ౞ୃѬଟɻϟ-౞ϟʺʩɠࡥټɫƅɱʠʝɠ਻ࢶෞɭʟɧɼɻ౞ୃɠՔɧɷɺ
ɘʟƆɫɟɫƅϟ-౞ϟʺʩʂ१ढ़ɿʃۿɘ୊ກව୞ɠ಩์ɻɖʞƅ౞ୃ୊ກව୞ଊٹʂ൱ɦɼ
ɾɷɺɘʟƆ౞ୃ୊ກව୞ʦଊٹɭʟɳʕɿƅඕ٥֋ɻʃ౞ୃѬଟɿϟ-౞ϟʺʩʂ१ढ़ɠ಩์
ɻɾɘ˘ˊʶ˥˺ؠߞՉˎʪˀʶʦๆɘɳϟʺʩ౞ୃࠡ൚ʦଚΕɫƅʾ˦ˬ˳Ɵʾˮ˺ʦๆɘ
ɺɱʂยڹड़ʦ૛ܵɫɳƆʾ˦ˬ˳Ɵʾˮ˺ٌїʜʞƅࡓ๝ࠡ൚ʜʞ౞ୃ୊ກව୞ʦ݂੒ɻ 75
%ଊٹя௾ɻɖʟɧɼʦߟɫɳƆ
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1੓1ࣂ ࢍ
1.1 ٥֋Ҟ์
ټݚƅߘ॓੐೑Կ౎ड़˨˩˱ɼɫɺƅ૥أɠʼ˝˦ʶ˴˺ʼʫˁʂЌ౶ࣨߞड़షඥɻɖʟߞՉˎʪ
ˀʶɿټʠʟߞՉϟʺʩʂڽɡʦ๭ๆɭʟࠡ൚ɠଚΕɩʠɺɘʟƆλ౫ɿߞड़ਹ௅ೱɻʃ౞ߞҏɼ
څʄʠʟߞш൘ڽɿ਻ɫɺպ൘ڽʂڽɡʂߞҏɠټʠʟɳʕɿƅߞड़ਹ௅ೱʂॴߞʯ˔˲ʵƟɠਊ
юɭʟƆɧʂߞՉˎʪˀʶʂ௅ೱɻʃƅॴߞʯ˔˲ʵƟʦٹࢢɩɯʟɳʕɿϟࣨʂߞшۚਏ (ߞՉ
ϟ)ɠࡥټɭʟƆϟʂѾୃ൘ڽ (chirality)ʃߗظѾʞƅ౞ߗظѾʞʂ 2ࠦຳɠਣݚɭʟƆɩʝɿϟ
યअʂʺʩʂມηɻʃƅڱԀʯ˔˲ʵƟʂփلɾਊюʦ๓ɜʟɳʕɿߞՉ˩Ɵ˨˺ˏɠషඥɿ਻ɫ
ɺ෣૥ࣘʒɳʃчʦڽɘɳມη (ϟʺʩ)ɠټʠʟƆϟʂѾୃ൘ڽʘϟʺʩʂۚਏʃҙೱߞҏɿ਻ɫ
ɺബшɫɿɣɣಒ࣢ɿΑ଑ɻɖʟɳʕɿƅɧʠʝʂ஦૎ʦ๭ๆɭʟɧɼɻ˨˩˱ʘ౎इԶ୾ʂˎ˗
ʫˀʦ߹ټɻɡʟɼ۪ɜʝʠɺɡɳƆɫɟɫɱʂۿɘΑ଑ड़ʂɳʕɿƅɧʠʝʂ஦૎ʦബшɩɯʟ
ɧɼɠಒ࣢ɿܟ௔ɻɖʞƅɧʠʦ๭ๆɫɳˎ˗ʫˀʦ߹ټɭʟɳʕʂ෻੕ɼɾɷɺɘɳƆ
פ௰ƅڱກʘ˘˲ˀࣨʂߞҏʘˀ˛˺୊ກʦˎʪˀʶɿюɜʟɧɼɻƅڹ๻ʜɣϟʺʩʦ৭ݩɻ
ɡʟɧɼɠߟɩʠɳƆɱʂɳʕƅϟʺʩʦ๭ๆɫɳˎ˗ʫˀʂ߹ټड़ɠۿʒʞƅߞՉϟ৭ݩɿɸɘ
ɺʂ٥֋ɠ२ʧɿ۱ɾʣʠʟʜɚɿɾɷɳƆɫɟɫߞՉϟʂϬஓʂ࣏ݔɿɸɘɺʃරɴ೑෗ɾ୅ɠ
ਪɘƆඕ٥֋ɻʃɧʠʒɻߞшۚਏѽॾʘߞшʂஓଯѽॾɿๆɘʝʠɺɡɳ˥ʫʶ˴˥ʷ˔ˍʪˊ
ʶʾ˦ˬ˳Ɵʾˮ˺ʦๆɘɺƅϟʺʩʂϬஓʦ࣏ݔɿѽॾɭʟƆ࣏ݔɾ٥֋ఙثɿɸɘɺʃ੓ 2ࣂ
ɻࡧʍƅ˥ʫʶ˴˥ʷ˔ˍʪˊ ʶʾ˦ˬ˳Ɵʾˮ˺ɿɸɘɺʃ੓ 3ࣂɻࡧʍʟƆ
1.2 ඕ٥֋ʂෳଯ
ඕ٥֋ʂෳଯʃ (1)GPUʦๆɘɳۿਙظޔƅ(2) ˀ˛˺୊ກɿʜʞ౎१ɭʟ୊ກߞҏڹїƅ(3) ˀ
˛˺୊ກɿʜʟϟʺʩ౞ୃɿɞɥʟϟۚਏΑ଑ड़ƅ(4) ˘ˊʶ˥˺ؠߞՉˎʪˀʶʦๆɘɳ౞ୃ୊
ກව୞ʂଊٹɻɖʟƆ
(1) ϟʺʩɿюʣʟˀ˛˺୊ກʘ୊ກߞҏʃߞՉˎʪˀʶ௅ɻλโɻʃɾɣ೾ށɿബшɫɺɘʟɳ
ʕɿƅʾ˦ˬ˳Ɵʾˮ˺ʦๆɘɺϟʺʩʂϬஓʦ૛ʍʟɿʃ 3ߘٴ˩ˎ˲ʦๆɘɺ಺ɭɧɼɠ
಩์ɻɖʞƅʾ˦ˬ˳Ɵʾˮ˺ɿʃൽ੒ɾظޔߗԝɠ಩์ɼɾʟƆ3ߘٴʾ˦ˬ˳Ɵʾˮ˺ʂظ
ޔߗԝʦٹʝɭɳʕɿƅඕ٥֋ɻʃগɮظޔ௾ຢɠಒ࣢ɿۿɘɧɼɻશෳɩʠɺɘʟGraphics
Processing Unit(GPU)ʦๆɘɺۿਙшʦ۱ɘƅࡓ๝ʂCPUʦๆɘɳʾ˦ˬ˳Ɵˆɟʝ݂੒ช
172ఝۿਙшɻɡʟɧɼʦߟɫɳƆΙчɿߟɭ (2)∼(4)ʂ٥֋ʃɧʂढ़їʦๆɘɺ۱ɷɳƆ(੓ 4
ࣂ)
(2) ߞՉϟ˨˩˱ʂࡍঀшʂя௾ड़ʦ૛ܵɭʟɳʕɿƅˀ˛˺୊ກɿʜʟ୊ກߞҏڹїɿɸɘɺ૛
ܵɫɳƆˀ˛˺୊ກɿʜʟϟʺʩ৭ݩɻʃƅˀ˛˺ˏ˲ʶɼˀ˛˺୊ກɠݩʞࡥɭ୊ກߞҏʂ
ຑ൘ɠϟʺʩʂϬஓɿϳׄɭʟƆ୊ກߞҏʃߞՉˎʪˀʶʂಘݔшɼ֩ɿࠜɣɾʟɳʕƅ୊ກ
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ߞҏʂڹїɠ੒ɡɘࣟ܄ƅߞՉˎʪˀʶʂಘݔшɿ౛ɘ୊ກߞҏɠࠜɣɾʞƅˀ˛˺୊ກɿʜ
ʟϟʺʩ৭ݩɠɻɡɾɣɾʟɼʂ෻੕ɠɖʟƆɧʂɳʕˀ˛˺୊ກɿʜʟϟʺʩ৭ݩҷ๼ɿʃ
୊ກߞҏڹїʦ࣏ݔɿ૛ʍʟ಩์ɠɖʟƆඕ٥֋ɻʃ 3ߘٴ˩ˎ˲ʦๆɘɺ୊ກߞҏڹїʦ࣏
ݔɿ૛ʍƅ୊ກߞҏڹїʃ݂੒ɻʖুױஓຢʂ 8 %ଟ୞ɼಅҼଯࢡɩɾڹїɻɖʟɧɼʦߟɫ
ɳƆ(੓ 5ࣂ)
(3) ϟʺʩʂΑ଑ड़ʃƅˎ˗ʫˀʂʼʫˁʦىʕʟ࡚์ɾ์χɻɖʟƆϟʺʩʂ౞ୃʦ౛ʣɾɘॴ
ଯɾࣨੁɿɞɥʟߞՉϟۚਏΑ଑ड़ɼߞՉˎʪˀʶʼʫˁɿɸɘɺʃɭɻɿൎ܍ɩʠɺɘʟƆ
ɫɟɫƅϟʺʩ౞ୃʦ۪຋ɫɳϟۚਏʂΑ଑ड़ɿɸɘɺʃʒɴթ໱ɩʠɺɘɾɘƆඕ٥֋ɻʃƅ
ˀ˛˺୊ກɿʜʟϟʺʩ౞ୃʦ౛ɚࣟ܄ʂϟۚਏʂΑ଑ड़ɿɸɘɺ૛ʍɳƆʾ˦ˬ˳Ɵʾˮ˺
ٌїʜʞƅΑ଑ɿߞш౞ୃɠ۱ɾɜʟߞՉˎʪˀʶʼʫˁʂчځʃƅॴଯࣨੁɿɞɥʟˎʪˀ
ʶʼʫˁʂчځʜʞʖ 20∼80 nm ଟ୞੒ɡɘɧɼʦߟɫƅ๭ๆя௾ɾ݂ࢡˎʪˀʶʼʫˁɠ
40 nmɻɖʟɧɼʦߟɫɳƆ(੓ 6ࣂ)
(4) ټݚൎ܍ɩʠɺɘʟϟʺʩʂ౞ୃɻʃƅ౞ୃѬଟɻϟ-౞ϟʺʩɠࡥټɫƅɱʠʝɠ਻ࢶෞɭʟ
ɧɼɻ౞ୃɠՔɧɷɺɘʟƆɫɟɫƅϟ-౞ϟʺʩʂ१ढ़ɿʃۿɘ୊ກව୞ɠ಩์ɻɖʞƅ౞ୃ
୊ກව୞ʂɩʝɾʟଊٹʂ൱ɦɼढ़ɷɺɘʟƆ౞ୃ୊ກව୞ʦଊٹɭʟɳʕɿƅඕ٥֋ɻʃ౞
ୃѬଟɿϟ-౞ϟʺʩʦๆɘɾɘ˘ˊʶ˥˺ؠߞՉˎʪˀʶʦๆɘɳϟʺʩ౞ୃࠡ൚ʦଚΕɫƅ
ʾ˦ˬ˳Ɵʾˮ˺ʦๆɘɺɱʂยڹड़ʦ૛ܵɫɳƆʾ˦ˬ˳Ɵʾˮ˺ٌїʜʞƅࡓ๝ࠡ൚ʜʞ
౞ୃ୊ກව୞ʦ݂੒ɻ 75 %ଊٹя௾ɻɖʟɧɼʦߟɫɳƆ(੓ 7ࣂ)
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ඕࣂɻʃƅʃɬʕɿߞड़ਹ௅ೱʂߞшۚਏɼඕ٥֋ʂ٥֋਻࣐ɼɾɷɺɘʟߞՉϟۚਏʦ঑෗ɫƅ
ߞՉϟɿԟɭʟগ۱٥֋ɿɸɘɺϟʺʩʂϬஓƅϟʺʩʂ౞ୃʦયअɿ঑෗ɭʟƆߘɿඕ٥֋ɻ۱ɷ
ɳ (1)GPUʦๆɘɳۿਙظޔƅ(2) ˀ˛˺୊ກɿʜʞ౎१ɭʟ୊ກߞҏڹїƅ(3) ˀ˛˺୊ກɿʜ
ʟϟʺʩ౞ୃɿɞɥʟϟۚਏΑ଑ड़ƅ(4) ˘ˊʶ˥˺ؠߞՉˎʪˀʶʦๆɘɳ౞ୃ୊ກව୞ʂଊٹ
ɿɸɘɺʂ٥֋ఙثʦ঑෗ɭʟƆ
2.1 ߞड़ਹ௅ೱʂߞшۚਏ
ݔૠɘ൹ࣨʂߞड़ਹɿɸɘɺ۪ɜʟƆɧʂɼɡƅɧʂߞड़ਹʦౝഇɿɩʝɿʃ 1/4 ɿউઐɭʟ
ɼƅN׎ʂʓʘ S׎ʂʓɼɘɷɳ੺ߞ׎ɠټʠʟɧɼʃ෌ɣƅय 2.1ʂʜɚɿ 2 ɸƅ4 ɸʂߞड़ਹɿ
ഇɟʠʟƆɩʝɿƅݔɟɣউઐɫɺɘɣɼٵޫʒɻࢡɩɣɭʟ˩ˎ˲ɠ۪ɜʝʠƅɧʂɼɡʂ N-S
׎ʂ਻ʃٵޫߞՉ˩Ɵ˨˺ˏɼڅʄʠʟƆ
य 2.1: ߞड़ਹ௅ೱʂߞшۚਏ.
߹ݘʂߞड़ਹ௅ೱɻʃɧʠʝʂٵޫߞՉ˩Ɵ˨˺ˏʃƅโƜɾ൘ڽʦڽɣƆɧɧɻƅߞшɠλ൘
ڽɿਢɷɺɘʟࣟ܄ɿɸɘɺ۪ɜʟƆߞшɠɱʡɷɺɘʟࣟ܄ƅय 2.2(a)ʂʜɚɿƅߞड़ਹʂຑઅ
ɿߞ׎ɠټʠƅɧʠʝʂߞ׎ɿʜɷɺߞшɼʃ౞਻൘ڽɿॴߞҏɠټʠʟƆɱʂɳʕƅλ൘ڽɿɱ
ʡɷɳߞшʃ൓ʠƅय 2.2(b)ʂʜɚɿߞ׎ɠߞड़ਹʂઅɿټʠɾɘϟۚਏɠټʠʟƆʒɳƅय 2.2(b)
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ʂঅɘভɻ಺ɫɳೱഇʦ࣏ݔɿ૛ʍʟɼƅڱԀʯ˔˲ʵƟʂࣘࢭʦ๓ɜʟɳʕɿय 2.2(c)ɿߟɭʜ
ɚɿ෣૥൘ڽɿڽɘɳߞшɠߞड़ਹʂયअɿټʠɺɘʟƆ
य 2.2: ߞ׎ɼߞшۚਏ.
ຶɜʄƅ240 nm ×80 nm ʂ Py(Niɼ Feʂ܄ץ)௅ɿʃय 2.3ʂʜɚɾߞшۚਏɠټʠʟƆ
य 2.3: Py(NiFe)௅ʂߞшۚਏ. x = 240, y = 80 nm. ෣௅൘ڽʂߞшʃ௝ࣸɼงτɻ಺ɩʠƅߞ
ш൘ڽɼ௝ࣸʂ਻Ыʃϓय. ళࣸʃ෣૥+z൘ڽʂߞшມηʦ಺ɭ.
ɧʂʜɚɾߞड़ਹ௅ɿټʠʟߞшۚਏʃߞड़ਹʂآࣨƅʼʫˁɿʜɷɺബшɭʟƆຶɜʄƅय 2.3
ɿߟɫɳߞड़ਹʂ೺ʦബшɩɯʟɼߞшۚਏʃय 2.4ʂʜɚɿബшɭʟƆ
य 2.4(a-c)ɿߟɭʜɚɿߞड़ਹʂ೺ɿʜɷɺ෣૥൘ڽʦڽɣߞшມηʂॅɠബшɭʟƆλ൘ɻƅ
य 2.4(d)ʂʜɚɿƅߞड़ਹʦࢡɩɣɫɳࣟ܄ƅ෣૥൘ڽʦڽɣມηɠࢶɜƅߞшɠλ൘ڽɿɱʡ
ɚƆඕ٥֋ɻʃƅय 2.4(c)ɿߟɫɳʜɚɾƅߞड़ਹ௅ɿ෣૥൘ڽढ़ഇɠλɸɴɥਣݚɫɳƹߞՉϟ
ۚਏƺʦ਻࣐ɼɫɳƆ
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य 2.4: ߞड़ਹʂʼʫˁɼߞшۚਏʂബш. งτɼ௝ࣸ (य 2.3ދࢻ)ʃߞш൘ڽʦߟɫƅళࣸƅܒࣸ
ʃɱʠɲʠ෣૥+z, -z൘ڽʂߞшມηʦ಺ɭ.
2.2 ߞՉϟۚਏ
ټݚƅߘ॓੐೑Կ౎ड़˨˩˱ɼɫɺƅߞՉˎʪˀʶɿټʠʟߞՉϟʺʩʂڽɡʦ๭ๆɭʟࠡ൚ɠ
ଚΕɩʠƅߞՉϟɿԟɭʟ٥֋ɠ२ʧɿ۱ʣʠɺɘʟ [1]- [23]ƆɧɧɻߞՉˎʪˀʶɼʃ૥أɠʼ
˝˦ʶ˴˺ʼʫˁʂЌ౶ࣨߞड़షඥɻɖʟƆλ౫ɿߞड़ਹ௅ೱɻʃ౞ߞҏɼڅʄʠʟߞш൘ڽɿ਻
ɫɺպ൘ڽʂڽɡʂߞҏɠټʠʟɳʕɿƅߞड़ਹ௅ೱʂॴߞʯ˔˲ʵƟɠਊюɭʟƆɧʂߞՉˎʪ
ˀʶ௅ೱɻʃƅॴߞʯ˔˲ʵƟʦٹࢢɩɯʟɳʕɿϟࣨʂߞшۚਏɠټʠʟ [2]ƆߞՉϟʃɱʂѾ
ୃ൘ڽ (chirality,c)ɿʜɷɺߗظѾʞ (c = cw)ƅ౞ߗظѾʞ (c = ccw)ʂߞшۚਏɠਣݚɭʟ (य
2.5)Ɔ
ʒɳߞՉϟʂયअɻʃƅڱԀʯ˔˲ʵƟʂփلɾਊюʦංɤɳʕߞՉ˩Ɵ˨˺ˏɠషඥ෣ɿ਻ɫɺ
෣૥ࣘʒɳʃчʦڽɘɳມηɠټʠʟ (य 2.6)Ɔɧʂມηʃϟʺʩɼڅʄʠƅɱʂڽɡʃpolarity(p =
±1)ɼڅʄʠɺɘʟƆ
(a) ߗظѾʞ (p = +1, c = cw) (b) ౞ߗظѾʞ (p = +1, c = ccw)
य 2.5: ߞՉϟʂ chirality
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(a) ෣૥ࣘڽɡ (p = +1, c = cw) (b) ෣૥чڽɡ (p = −1, c = cw)
य 2.6: ϟʺʩʂڽɡ.
ɧʂߞՉϟۚਏʃҙೱߞҏɿ਻ɫɺബшɫɿɣɣಒ࣢ɿΑ଑ɻɖʟɳʕƅ˨˩˱ˎ˗ʫˀɿ଱ɭ
ʟɼ۪ɜʝʠƅϟʺʩʂڽɡʘߞՉϟʂ chiralityʦๆɘɳ˨˩˱ʘ౎इԶ୾ʂˎ˗ʫˀɠଚΕɩʠ
ɺɘʟƆɫɟɫƅϟʺʩʂڽɡʦബɜʟɿʃƅ෣૥൘ڽɿช 3000 Oeଟ୞ʖʂಒ࣢ɿֲɘߞҏʦю
ɜʟɧɼɠ಩์ɻɖʞƅɧʠʦ๭ๆɫɳ˨˩˱ʦ߹ټɭʟɳʕʂ෻੕ɼɾɷɺɘɳ [6, 7]Ɔ
2.2.1 ϟʺʩʂϬஓ
ߞҏʦ෣௅൘ڽɿτюɭʟɼƅϟʺʩʃˎʪˀʶʂયअɟʝΫஓɭʟƆɱʂڤߞҏʦউʟɼƅϟ
ʺʩʃΑ଑ࣨੁɻɖʟˎʪˀʶયअɿΫஓɭʟƆɫɟɫƅϟʺʩʃયअɿڽɟɷɺ૥छϬஓɭʟʂ
ɻʃɾɣƅʿ˪ʫ˴ڹїɿʜɷɺ๛পϬஓɫɾɠʝˎʪˀʶયअʌڽɟɚ [5]ƆɧʂϬஓʦ಺ɭɳʕ
ɿƅK. Yu. Guslienkoʝɿʜɷɺൎ܍ɩʠɳ˥ʫʶ˥ʷ˔ˍʪˊ ʶʾ˦ˬ˳Ɵʾˮ˺ʂٌїʦय 2.7
ɿߟɭƆय 2.7ʃϟʺʩɠયअΛટɟʝɮʠɳࣨੁʦࡾՃࣨੁɼɫɳɼɡʂϟʺʩʂϬஓʦߟɫɺ
ɘʟƆ
य 2.7: ϟʺʩʂѾୃϬஓʂՕআ. ߹ভ: p = +1, ఌভ: p = −1. [5].
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߹ভɼఌভʃɱʠɲʠϟʺʩɠ p = +1, p = −1ʂࣟ܄ʂՕআʦ಺ɫɺɘʟƆɧʂٌїʜʞƅϟ
ʺʩʃɱʂڽɡɿʜɷɺѾୃ൘ڽɠΪɾʟɧɼɠߟɩʠɳƆʒɳƅɧʂѾୃϬஓʃߞՉˎʪˀʶʂ
૥أƅඥڻɿʜɷɺബшɫƅॅMHzɟʝॅGHzʂѾୃ࠵ఉॅ (چย࠵ఉॅ)ʦߖɸƆɧʂɳʕƅچ
ย࠵ఉॅɿ܄ɚʜɚɾACߞҏʦτюɭʟɧɼɻϟʺʩʂѾୃϬஓʦزਞɫɺ۱ɚɧɼɠя௾ɼ۪
ɜʝʠʟƆ
2.2.2 ˀ˛˺୊ກɿʜʟߞതΫஓ
୊ກʃ୊ѤΙҙɿ”ˀ˛˺”ɼɘɚഅ๲ຟʦߖɸƆ୊ޫʂϬஓɿʜʞˀ˛˺ɠϬʄʠʟɳʕɿƅ୊
ກʃ”ˀ˛˺୊ກ”ɼʖڅʄʠɺɘʟƆ
ߢศ୊ޫɠΫஓɭʟݘƅߢศ୊ޫʂˀ˛˺ɼ׌ݚ୊ޫʂˀ˛˺ʂ৷ڞݩๆɿʜɷɺƅ׌ݚ୊ޫʂ
ˀ˛˺ϬஓຟɠബшɭʟƆɧʂɧɼʃƅˀ˛˺୊ກɿʜɷɺ׌ݚ୊ޫʂˀ˛˺ɿʜɷɺۚढ़ɩʠʟ
ٵޫߞՉ˩Ɵ˨˺ˏʂڽɡɠബшɭʟɧɼʦߟɫɺɞʞƅˀ˛˺୊ກɿʜʟߞш৭ݩɠя௾ɻɖʟ
ɧɼʦߟɫɺɘʟ [24,25]Ɔˀ˛˺୊ກɿʜʟߞш৭ݩʃƅL. Bergerɿʜɷɺˀ˛˺୊ກɿʜʞߞ
തɠΫஓя௾ɻɖʟɧɼɠࡾʕɺ๲໱ଯɿߟɩʠɳ [24]Ɔɧʂټ࣐ʃڤɿ A. Yamaguchiʝɿʜɷ
ɺ߹ٲɻ߹࣍ɩʠɳ [26]Ɔ
ߞതʦԥʔߞड़ݔভɿˀ˛˺୊ກʦກɭɼƅߢศ୊ޫʂˀ˛˺ʂڽɡɠ׌ݚ୊ޫʂˀ˛˺ʂڽɡ
ɻɖʟٵޫߞՉ˩Ɵ˨˺ˏʂ൘ڽɿബшɭʟƆɧʂɼɡƅ׌ݚ୊ޫʃߢศ୊ޫɟʝ౞ݩๆʂຢʦࠬ
ɥƅٵޫߞՉ˩Ɵ˨˺ˏʂ൘ڽɠബшɭʟ (य 2.8)Ɔɧʂຢɠˀ˛˺ˏ˲ʶɻɖʟƆ
य 2.8: ୊ກɿʜʟݔভયʂߞതΫஓ.
ߞҏɿʜʟߞш৭ݩɻʃ૳࣢ƅ୊ভɿ୊ກʦກɫɺ౎१ɭʟߞҏʦ๭ๆɭʟƆ౎१ɭʟߞҏʂֲ
୞ʃ୊ກʂຟɿΜਣɭʟɳʕƅ୊ভʦݔɣɭʟɼஔֲ୞ʂߞҏʦ౎१ɩɯʟɳʕɿʃۖɿۿɘ୊ກ
ව୞ɠ಩์ɼɾʟƆˎ˗ʫˀʂಘݔшɼɼʖɿ୊ভʦݔɣɫɺɘɣɼƅߞш৭ݩɿ಩์ɾ୊ກව୞
ɠਊюɫʿˬƟ˲௯ɿʜɷɺ୊ভɠউʠɺɫʒɚƆ
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λ൘ɻƅˀ˛˺୊ກɿʜʟߞшۚਏ৭ݩɻʃƅߞш৭ݩɿ಩์ɾ୊ກʃ୊ກව୞ɻى଑ɩʠʟɳ
ʕɿƅ಩์ɾ୊ກව୞ʃˎ˗ʫˀʼʫˁɿΜਣɫɾɘƆɩʝɿˎ˗ʫˀʂಘݔшɿ౛ɘ୊ভʂઐ෣
ঀɠٹࢢɭʟɳʕƅ಩์ɾ୊ກຟʃٹࢢɭʟƆΙࣘʂʜɚɿƅˀ˛˺ˏ˲ʶʦๆɘɳߞш৭ݩʦˎ
˗ʫˀɿЫๆɭʟɧɼɻƅߞҏɿʜʟߞш৭ݩɼಅҼɫɺˎ˗ʫˀ˂˲ʦಘݔшɭʟɧɼɠя௾ɼ
ɾʟƆ
ˀ˛˺୊ກɿʜʟߞш৭ݩɿԟɭʟ٥֋ʃ 2000 ௰ܝɿިʒɷɳʄɟʞɻɖʞƅโƜɾߞшۚਏ
ɿ਻ɭʟ٥֋ɠ۱ɾʣʠɺɘʟ [14, 15]Ɔ
2.2.3 ϟʺʩʂ౞ୃ
ߞՉϟʃಒ࣢ɿΑ଑ɾߞшۚਏɻɖʟɳʕƅ෣૥൘ڽʂߞҏʦюɜɺ౞ୃɩɯʟɿʃֲɘߞҏɠ
಩์ɻɖʟɧɼɠ෻੕ɻɖɷɳ [4]Ɔɱɧɻƅϟʺʩ౞ୃɿԟɭʟโƜɾࠡ൚ɠଚΕɩʠɺɘʟƆ
R. Hertelʝʃʾ˦ˬ˳Ɵʾˮ˺ʦๆɘɺƅߞՉˎʪˀʶɿ਻ɫɺ෣௅൘ڽɿॅࡒ psʂ઄˘˲ˀ
ߞҏʦюɜʟɧɼɿʜʞϟʺʩɠ౞ୃя௾ɻɖʟɧɼʦߟɫɳ [16]Ɔʒɳƅ2.2.1ࣂɿߟɭѾୃϬ
ஓ [5,11]ɿɞɥʟ֩इڹїʦ๭ๆɫɺACߞҏʘACˀ˛˺୊ກɿʜʟϟʺʩʂ౞ୃɿԟɭʟ٥֋
ɠ२ʧɿ۱ɾʣʠɺɘʟ [9, 12, 14–17, 19, 22]ƆɧɧɻƅB. Van Waeyenbergeʝɠߟɫɳϟʺʩ౞
ୃѬଟʦय 2.9ɿߟɭƆ
y
x
a b c
d e f
g h
य 2.9: ϟʺʩʂ౞ୃѬଟ. ॳɼঅʃɱʠɲʠ p = +1, p = −1ʂϟʺʩ (౞ϟʺʩ). งτʃ෣௅ʂ
ߞшʂڽɡ. (a)ࡾՃࣨੁ. (b,c)ϟʺʩʂΫஓɿʜɷɺ౎१ɭʟ߹ڹߞҏɿʜɷɺ p = +1ʂϟʺʩ
ɠࡥټ. (d-e)ϟʺʩɠɩʝɿΫஓɭʟɼϟ-౞ϟʺʩɠࡥټ. (f)ٴƜɖɷɳϟʺʩɼ౞ϟʺʩɠ਻
ࢶෞ. (g-h)ࡾՃࣨੁʂ p = −1ɼʃ౞਻ʂ p = +1ʂϟʺʩɠޝʟ. [12]
ࡾՃʂϟʺʩʃ p = −1ʦߟɫɺɘʟ (य 2.9(a))ƆϟʺʩʂΫஓɿʜɷɺ౎१ɭʟ߹ڹߞҏɿ
ʜɷɺƅࡾՃʂϟʺʩʂຬɿ p = +1ʂϟʺʩɠࡥټɭʟ (य 2.9(b-c))ƆɩʝɿƅϟʺʩʂΫஓɠ
ਞɣɼࡾՃʂϟʺʩɼ१ढ़ɩʠɳϟʺʩʂԝɿ p = +1ʂ౞ϟʺʩɠࡥټɫ (य 2.9(d-e))ƅࡾՃʂ
ϟʺʩɼ१ढ़ɩʠɳ౞ϟʺʩɠ਻ࢶෞɭʟƆ१ढ़ɩʠɳ p = +1ʂϟʺʩɠޝʞ౞ୃɠӷຎɭʟ (य
2.9(f-h))Ɔټݚൎ܍ɩʠɺɘʟϟʺʩ౞ୃʂਪɣʃɧʂϟ-౞ϟʺʩʂ१ढ़ɼ਻ࢶෞʦๆɘɺϟʺʩ
ʂ౞ୃʦ۱ɷɺɘʟƆ
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2.3 ˥ʫʶ˴˥ʷ˔ˍʪˊ ʶʾ˦ˬ˳Ɵʾˮ˺ʂۿਙш
˥ʫʶ˴˥ʷ˔ˍʪˊ ʶʾ˦ˬ˳Ɵʾˮ˺ʃˑ˕˨Ɵˏ˲ʼʫˁʂߞड़ਹ௅ʂߞшۚਏʘɱʂஓ
ଯѬଟʦ૛ʍʟɳʕɿๆɘʝʠɺɡɳ [27–37]Ɔඕʾ˦ˬ˳Ɵʾˮ˺ɠޡʣʠʃɬʕɳ୻ࡾʃƅظ
ޔՆʂड़௾ɠଊɣƅʒɳॴߞҏظޔɿૠߗԝʂظޔɠ಩์ɻɖɷɳɳʕƅظޔ਻࣐ʃࢡɩɣʾ˦ˬ
˳Ɵʾˮ˺ߗԝʖ઄ɘʖʂɫɟ۱ɾɚɧɼɠɻɡɾɟɷɳƆڤɿ๸ޏۿਙ˜Ɵ˱ʯബԀʦๆɘʟɧ
ɼɻॴߞҏʦۿਙɿظޔɭʟࠡ൚ɠଚΕɩʠ [38,39]ƅʒɳظޔՆʂड़௾ʖ௰Ɯڽࣘɫƅʾ˦ˬ˳Ɵ
ʾˮ˺ʂ೺ɠۊɠɷɳƆɫɟɫƅʾ˦ˬ˳Ɵʾˮ˺ɿ਻ɭʟ์ֆʖ௰Ɯਊ੒ɭʟɳʕɿƅۿਙшʃ
࣢ɿ಩์ɼɩʠɺɘʟ [40–48]ƆຶɜʄƅߞՉˎʪˀʶ௅ʂϟʺʩʂϬஓʦ࣏ݔɿ૛ʍʟɳʕɿʃƅ
ߞՉˎʪˀʶ௅ʂ୊ກʘ୊ກߞҏʂ 3ߘٴଯɾ׸ԝബшʦ۪຋ɭʟ಩์ɠɖʟɳʕɿƅߞՉˎʪˀ
ʶʦ 3ߘٴɿ๸ޏшɫɳ 3ߘٴ˩ˎ˲ɠ಩์ɼɾʟƆɫɟɫɧʂ˩ˎ˲ʦๆɘɺʾ˦ˬ˳Ɵʾˮ˺
ʦλѾ۱ɾɚɳʕɿʃ 2 ˽ُʖʂظޔߗԝɠ಩์ɻɖʟɳʕƅϟʺʩʂϬஓʦ࣏ݔɿѽॾɭʟɧɼ
ɠߏ߹ࣘ೑я௾ɻɖɷɳƆඕ٥֋ɻʃʾ˦ˬ˳Ɵʾˮ˺ɿ಩์ɾظޔߗԝʦٹʝɭɳʕɿƅټݚશ
ෳɩʠɺɘʟGraphics Processing Unit (GPU)ʦๆɘɺ˥ʫʶ˴˥ʷ˔ˍʪˊ ʶʾ˦ˬ˳Ɵʾˮ˺
ʂۿਙшʦ߇ʓƅݩढ़ɫɳ˞˴ʷ˰˧ʦๆɘɺϟʺʩʂϬஓѽॾʦ۱ɷɳƆ
λ౫ɿƅGPU ʃѳਉࡽ๲ʦࠞɿ੽୻ɭʟЖޔਂટɻɖʟƆټݚƅCPU੺ਹʂ೟ஓࢡॅ୅ظޔ௾
ຢɠॅಱ GFLOPS ଟ୞ɻɖʟʂɿ਻ɫƅGPUɻʃช 4 TFLOPS ʂʖʂʖɖʞƅɩʝɿɱʂਙ୞
ʃټݚʖɾɞढ़ૠɫਞɥɺɘʟ (य 2.10) [49]Ɔ
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य 2.10: CPU ɼ GPU ʂड़௾ढ़ૠ (ࡥ଺:http://docs.nvidia.com/cuda/cuda-c-programming-
guide/).
GPUʃਪɣʂЖޔ˭˒ˊˏʦߖɸɳʕƅɧʠʝʦๆɘɺஔɬࠦຳʂЖޔʦഝໆɿظޔɭʟɧɼɻ
ۿਙظޔɠя௾ɼɾʟƆɧʂɳʕƅGPUʃ۱ໆЖޔɾɽʂਪɣʂˎƟˆɿ਻ɫɺஔɬظޔʦɭʟࣟ
܄ɿบʠɺɘʟƆɱɧɻפ௰ƅ۱ໆظޔʦਪɣԥʓGPUʂบʠɳड़௾ʦࡒഇɿ๭ๆя௾ɾഅ๲ظ
ޔʌʂ๭ๆɠ२ʧɿछʕʝʠɺɘʟ [50]Ɔʒɳƅ݂פɻʃGPUʂۿɘظޔ௾ຢɿમෳɫƅˀƟ˘Ɵ
ʺ˺˛ˬƟˆɻʖGPUʦ๭ๆɭʟʸƟˀɠਊюɫɸɸɖʟƆୱ֣ۆ׋੒ӁʂTSUBAME 2.0ƅય
܎ʂ܎๼ˀƟ˘Ɵʺ˺˛ˬƟˆ˂˺ˆƟ଼૬ʂ଼њλ܃Aɾɽ॓ҏଯɿย෕ɾˀƟ˘Ɵʺ˺˛ˬƟ
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ˆɾɽɠ֘ɦʝʠʟƆ
അ๲ظޔɻʃλ౫ɿఝ३୞ظޔɠๆɘʝʠɺɘʟƆλ൘ɻƅѳਉࡽ๲ɻʃ੺३୞ظޔɠࠞɿๆɘ
ʝʠʟɳʕ GPUɻʃఝ३୞ظޔʃ಩์ɼɩʠɺɞʝɮƅGPUʂఝ३୞ʂЖޔਙ୞ʃ੺३୞ʂظ
ޔ௾ຢɿಅҼɫɺಒ࣢ɿଊɘ [51]ƆɧʂɳʕGPUʦๆɘɳʾ˦ˬ˳Ɵʾˮ˺ɻʃ੺३୞ɻظޔɭ
ʟɧɼɻƅڹ๻ଯɾۿਙшɠՃਿɩʠʟƆɫɟɫƅ੺३୞ظޔʦๆɘʟɳʕԤʕڬܴɠࡍঀɫƅఝ
३୞ظޔɿʜʟظޔٌїɼʃٌїɠΪɾʟя௾ड़ɠɖʟƆɱɧɻඕ٥֋ɻʃƅ੺३୞ظޔʦʾ˦ˬ
˳Ɵʾˮ˺௅ɻๆɘʟɧɼɿʜʟظޔٌїʌʂϳׄɿɸɘɺʖ૛ܵɭʟƆ
2.4 ˀ˛˺୊ກɿʜʟϟʺʩ৭ݩɿɞɥʟ୊ກߞҏڹї
ˀ˛˺୊ກʃˀ˛˺ˏ˲ʶɴɥɻʃɾɣ୊ກߞҏʖ౎१ɩɯʟƆঽࠋʂڹїʃ੺Λ෣ঀɖɳʞʂ
୊ޫॅɿʜʟɳʕ୊ກව୞ɻىʒʟɠƅڤࠋʂڹїʃກʠɺɘʟ୊ޫʂॅɿʜʟɳʕ୊ກɻىʒ
ʟƆ਻࣐ʦಘݔшɫɳࣟ܄ƅঽࠋʂڹїʃബшɫɾɘɠƅڤࠋʂڹїʃٹࢢɭʟƆˀ˛˺୊ກʦๆ
ɘɳˎ˗ʫˀɿɞɘɺƅʖɫ୊ກߞҏʂڹїɠ੒ɡɘࣟ܄ƅ਻࣐ʂಘݔшɿʜɷɺˎ˗ʫˀɠஓݩ
ɫɾɣɾʟя௾ड़ɠɖʟƆɧʂɳʕˀ˛˺୊ກɿʜʟߞш৭ݩɻʃƅ࣢ɿɧʂ୊ກߞҏɿʜʟϳׄ
ɿɸɘɺʂթ໱ɠ۱ɾʣʠɺɡɳƆ୊ກߞҏڹїɿɸɘɺʂ߹ٲຶɼɫɺƅΙчʂʖʂɠ֘ɦʝʠ
ʟ [17, 20,22,52]Ɔ
ΙчɻʃƅM. Bolteʝ [52]ɠ۱ɷɳ߹ٲɿʜʟ୊ກߞҏڹїʂ٪ঀʖʞɿɸɘɺ঑෗ɭʟƆϟ
ʺʩɠ֩इϬஓɭʟݘƅϟʺʩʂϬஓʃˀ˛˺୊ກɿʜʟױஓɼߞҏɿʜʟױஓɻΪɾʟƆACߞ
ҏʦๆɘɳϟʺʩʂϬஓɻʃƅߞՉϟʂ chiralityɿʜɷɺѾୃ൘ڽɠബʣʟɠƅAC୊ກʦๆɘɳ
ࣟ܄ʃߞՉϟʂ chiralityɿʜʝɮѾୃΛ৷ʃஔɬɻɖʟ [17]Ɔɧʂɧɼʦ๭ๆɭʟɧɼɻ୊ກߞҏ
ڹїʂ಻ьɠя௾ɼɾʟƆय 2.11ɿˀ˛˺୊ກɿʜʟϟʺʩʂϬஓʦߟɭƆɧɧɻʃƅˀ˛˺୊ກ
ɠ+x൘ڽɿກʠɺɘʟࣟ܄ (ˀ˛˺ʃ-x൘ڽɿກʠʟ)ɿɸɘɺࡧʍʟƆ
(a) ߗظѾʞ (b) ౞ߗظѾʞ
य 2.11: ˀ˛˺୊ກɿʜʟϟʺʩʂϬஓ.
2.4. ˀ˛˺୊ກɿʜʟϟʺʩ৭ݩɿɞɥʟ୊ກߞҏڹї 11
ߞՉϟʂ chiralityɠߗظѾʞʂࣟ܄ (य 2.11(a))ƅˀ˛˺ɠϟʺʩɿஃ੬ɭʟࠡঽɻʃ-y൘ڽʦ
ڽɘɺɘʟƆɧʂˀ˛˺ɠϟʺʩɿஃ੬ɭʟɼˀ˛˺ʃϟʺʩʂڽɡ (+z൘ڽ)ɿѾୃɫƅϟʺʩ
ມηʂߞՉ˩Ɵ˨˺ˏʃ౞ݩๆʂຢʦࠬɥɺ-y൘ڽʦڽɣƆϟʺʩມηʦѬɢʟɼˀ˛˺ʃ+y൘
ڽʂߞՉ˩Ɵ˨˺ˏɿஃ੬ɫƅˀ˛˺ʃ+y൘ڽɿƅߞՉ˩Ɵ˨˺ˏʃ౞ݩๆʂຢʦࠬɥɺ+z൘ڽ
ʦڽɣƆɫɳɠɷɺƅϟʺʩʃ୊ກɼʃ౞਻ʂ൘ڽɿछʔƆ
߹ٲɻʃ c = cw, c = ccwʂຑ൘ʂࣨੁɻˀ˛˺୊ກʦτюɫƅϟʺʩʂϬஓʦԘਗɫɺɘʟƆ
ɧʂɼɡϟʺʩʃˀ˛˺୊ກɿʜɷɺʂʓϬஓɭʟɼщ଑ɭʟɼϟʺʩʃ chiralityɿʜʝɮஔΛ
৷ɻϬஓɭʟʃɮɻɖʟƆɫɟɫƅ߹ݘʃ୊ກߞҏʂϳׄɿʜʞΛ৷ܴɠ१ɬʟƆ߹ٲɻԘਗɫɳ
chiralityɿʜʟϟʺʩʂΛ৷ܴʃ 45ǎɼணʝʠɳƆɧɧɻƅ୊ກɠກʠɺɘʟ൘ڽʦ xƅߞՉˎʪ
ˀʶʂ෣௅൘ڽʦ x-yച෣ƅϟʺʩɠڽɣ൘ڽʦ zɼɭʟƆ୊ກɠ x൘ڽɿກʠƅ୊ກߞҏʃ y൘
ڽʦڽɘɺɘʟɼщ଑ɫɺƅϟʺʩϬஓʂѽॾߧʦֆʕʟɼߘʂߧ (2.1) [52]ɠணʝʠʟƆ
(
X
Y
)
=
eiωt
ω + (iΩ+ Γ)2
(
rl
2pi
Hy
(
−ω
iΩp
)
− PµB
eMs
jx
(
iΩ
pω
))
(2.1)
ɧɧɻƅX,Y,Hy, jxʃϟʺʩʂ xܽವƅyܽವƅy൘ڽACߞҏʂױஓຢƅx൘ڽʂAC୊ກɿʜ
ʟױஓຢʦ಺ɭƆʒɳƅΩ,ωʃƅAC୊ກʂ࠵ఉॅƅߞՉˎʪˀʶʂچย࠵ఉॅʦ಺ɭƆय 2.12ʃ
ߧ (2.1)ʦʖɼɿ୊ກߞҏɼ୊ກɿʜʟϟʺʩʂѾୃՕஞʦߟɫɳʖʂɻɖʟƆ
य 2.12: ѽॾ˩ˎ˲.
य 2.12ʃߞՉϟʂ chiralityɠ c = cwƅc = ccwɻ AC୊ກʂʓʂΛ৷ɟʝ 22.5ǎɮɸɮʠƅϟ
ʺʩʂϬஓΛ৷ɠ chiralityɿʜɷɺ 45ǎɮʠʟɧɼʦ಺ɫɺɘʟƆɧʂɼɡƅ੺ࡸɾމҺԟॅɻɱ
ʠɲʠʂڹїʦظޔɭʟɧɼɠɻɡƅߘߧ (ߧ (2.2))ʂʜɚɿɾʟƆ
rl
2pi
Hy :
PµB
eMs
jx ≈ 0.29 : 0.71 (2.2)
ɧʂɧɼʜʞƅ߹ٲٌїʃ୊ກߞҏʂڹїʃױஓຢুਹʂช 30%ɻɖʟɼ۪ɜʝʠʟƆʒɳƅय
2.12ɟʝʃѾୃౝأʂബшʖظޔɻɡƅHyɼ jxɿʜɷɺݩʝʠʟމҺآʂࠇരɠ୊ກߞҏʂڹї
ɻബшɫɳѾୃౝأɼɾʟƆɧʂࣟ܄ƅࠇരʂૠɩʃ 0.76ɼֆʕʝʠAC୊ກʂʓʂࣟ܄ (0.71)ɟ
ʝช 7%ਊюɭʟɼֆʕʝʠʟƆ
ΙࣘʂʜɚɿM. Bolteʝʃ߹ٲɿʜʟϟʺʩԘਗɼˀ˛˺୊ກƅߞҏɿʜʟϟʺʩʂϬஓʂβ
ɘʦ๭ๆɫɺ୊ກߞҏڹїʦ಻ьɫɳƆɫɟɫƅਗ଑३୞ʂ෻੕ɟʝணʝʠɳΛ৷ʂڬܴɠಒ࣢ɿ
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੒ɡɘɼʂޱଫʖ۱ɾʣʠɺɞʞ [22]ƅˀ˛˺୊ກɿʜʟϟʺʩϬஓʦѽॾɭʟɳʕɿʃƅ୊ກߞ
ҏʂϳׄʂ।ҷɾѽॾɠ಩์ɼɾɷɺɘʟƆඕ٥֋ɻʃƅ3ߘٴ˥ʫʶ˴˥ʷ˔ˍʪˊ ʶʾ˦ˬ˳Ɵ
ʾˮ˺ʦๆɘɺƅ୊ກߞҏڹїʦ࣏ݔɿ٪ঀʖɷɳƆ
2.5 ˀ˛˺୊ກɿʜʟϟʺʩ౞ୃɿɞɥʟϟۚਏΑ଑ड़
ϟʺʩ˨˩˱ʂࡍঀ୞ʃߞՉˎʪˀʶʼʫˁɿΜਣɭʟƆʒɳƅ2.1ঐʂय 2.4ʂʜɚɿߞՉˎʪ
ˀʶɿټʠʟϟۚਏʂΑ଑ड़ʖˎʪˀʶʂʼʫˁɿΜਣɭʟƆɱʂɳʕƅϟۚਏɠΑ଑ɫɺټʠʟ
ߞՉˎʪˀʶʂʼʫˁʦ૛ܵɭʟ಩์ɠɖʟƆټݚƅϟʺʩʂϬஓʦ౛ʣɾɘॴଯɾࣨੁɻʂϟۚ
ਏΑ଑ड़ɿɸɘɺʃɭɻɿൎ܍ɩʠɺɘʟ [53,54]Ɔय 2.13ɿM. KonotoʝɿʜʟߞՉϟۚਏʂΑ
଑ड़ɿԟɭʟ߹ٲٌї [54]ʦߟɭƆय 2.13ʃߞՉˎʪˀʶʂඥڻ tɼ૥أ dʦബшɩɯƅߞՉˎʪ
ˀʶ௅ɿټʠʟߞшۚਏʦ૥ঋԘݺɫɳٌїɻɖʟƆ
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य 2.13: ߞՉˎʪˀʶʂඥڻ tƅ૥أ dɿʜʟߞՉϟۚਏʂΑ଑ड़ʂബш. অԤ:ߞՉϟۚਏ. অަ
Һ:੺ߞ׫ۚਏ. অމҺ:ɽɵʝʂۚਏʖԘਗ. ॳމҺ:ߞՉϟۚਏɼ੺ߞ׫ۚਏʂߞՉʯ˔˲ʵƟɠ
λઠɭʟˎʪˀʶʼʫˁ. [54].
߹ٲٌїɿʃ߹ٲʜʞணʝʠɳߞՉϟۚਏʂΑ଑ड़ (অভ)ɼߞՉʯ˔˲ʵƟʂظޔɟʝணʝʠ
ɳΑ଑ड़ (ॳভ)ɠߟɩʠɺɘʟƆঅভɼॳভʂԝɻʃߞՉʯ˔˲ʵƟଯɿʃߞՉϟۚਏɠΑ଑ɻɖ
ʟƆɫɟɫƅɧʂມηʂߞՉˎʪˀʶʼʫˁɻʃߞшۚਏɠബшɭʟߗɿ಩์ɾʯ˔˲ʵƟ (ʯ˔
˲ʵƟ˗˱ʩ)ʦЈɜʝʠɮࡵΑ଑ࣨੁɻΑ଑шɭʟƆɱʂɳʕƅࡾՃࣨੁɼஔɬ੺ߞ׫ۚਏɠࡥ
ټɫɳɼ۪ɜʝʠʟƆ
ഓ٤ [54]ʂʜɚɿɧʠʒɻʂൎ܍ɻʃƅϟʺʩʂϬஓʦ౛ʣɾɘࣟ܄ʂߞՉϟΑ଑ड़ɿɸɘɺʃ
թ໱ɩʠɺɘʟɠƅϟʺʩʂ౞ୃʦ౛ɚِࣥɻʂϟۚਏʂΑ଑ड़ɿɸɘɺʃթ໱ɩʠɺɘɾɘƆϟ
ʺʩʂ౞ୃ৭ݩʦ۱ɚࣟ܄ƅ৭ݩયɻϟۚਏɠ൓ʠɺɫʒɚɧɼʖ۪ɜʝʠʟƆɱʂɳʕΑ଑ɫɺ
ϟʺʩʂ৭ݩʦ۱ɚɳʕɿʃƅϟʺʩ৭ݩʦ౛ʣɾɘॴଯɾϟۚਏɟʝɩʝɿ੒ɡɾߞՉˎʪˀʶ
ʼʫˁɠ಩์ɿɾʟɧɼɠา২ɩʠʟƆඕ٥֋ɻʃƅACˀ˛˺୊ກɿʜʟϟʺʩʂ౞ୃʦʾ˦ˬ
˳Ɵʾˮ˺ɫƅϟۚਏɠ൓ʠɮɿ৭ݩя௾ɾߞՉˎʪˀʶʼʫˁʦ૛ܵɭʟƆʒɳƅߞՉʯ˔˲ʵƟ
ɟʝ౞ୃʾ˦ˬ˳Ɵʾˮ˺ɟʝணʝʠɳظޔٌїʂਰ୻ड़ʦ૛ܵɭʟƆ
2.6. ˘ˊʶ˥˺ˎʪˀʶʦๆɘɳ౞ୃʯ˔˲ʵƟʂଊٹ 13
2.6 ˘ˊʶ˥˺ˎʪˀʶʦๆɘɳ౞ୃʯ˔˲ʵƟʂଊٹ
ϟʺʩۚਏʃಒ࣢ɿΑ଑ɻɖʞƅʺʩʦ౞ୃɩɯʟɳʕɿʃƅಒ࣢ɿֲɘߞҏɠ಩์ɻɖɷɳƆ
ɧʠɿ਻ɫפ௰ƅACʘ˘˲ˀ୊ກ୾ʦๆɘɺ߹ๆଯɾ౮Ξɻϟʺʩʦ౞ୃɭʟࠡ൚ɠଚΕɩʠɳƆ
ɫɾɫɾɠʝɧʂ൘൚ɻʖΜীɼɫɺ౞ୃ୊ກව୞ɠۿɘɧɼɠ෻੕ɼɾɷɺɘʟƆൎ܍ɩʠɺɘ
ʟϟʺʩ౞ୃɻʃƅ౞ୃѬଟɻϟ-౞ϟɠࡥټɫƅɱʠʝɠ਻ࢶෞɭʟɧɼɻ౞ୃɠՔɡɺɘʟ (य
2.9) [12]Ɔɫɟɫϟ-౞ϟʂ१ढ़ɿʃۿɘ୊ກව୞ɠ಩์ɻɖʞƅ౞ୃ୊ກව୞ʂɩʝɾʟଊٹɠ௔
ɫɘƆɱɧɻƅ౞ୃѬଟɿϟ-౞ϟʺʩʦๆɘɾɘ౞ୃࠡ൚ɼɫɺƅ˘ˊʶ˥˺ˎʪˀʶʦๆɘɳ
౞ୃࠡ൚ʦଚΕɫƅʾ˦ˬ˳Ɵʾˮ˺ʦๆɘɺɱʂยڹड़ʦ૛ܵɫɳƆ˘ˊʶ˥˺ˎʪˀʶɼʃЌ
ˎʪˀʶɿ˕ˊˈɠ௡ɷɳߞՉˎʪˀʶ (य 2.14)ɻɖʞƅ˕ˊˈೱഇɟʝϟʺʩʦλ୞ࢶෞɩɯƅ
݁୞ࡥټɭʟݘɿϟʺʩʂڽɡʦى଑ɩɯʟ౞ୃࠡ൚ʦๆɘʟɧɼɻϟʺʩʂ౞ୃʦ฻Φɿɭʟɧ
ɼɠя௾ɻɖʟɼ۪ɜʝʠʟƆ
य 2.14: ˘ˊʶ˥˺ˎʪˀʶɼߞՉϟۚਏ. งτɼ௝ࣸ (य 2.3ދࢻ)ʃߞш൘ڽʦߟɫƅళࣸƅܒ
ࣸʃɱʠɲʠ෣૥+z, -z൘ڽʂߞшມηʦ಺ɭ.
˘ˊʶ˥˺ˎʪˀʶ௅ɻʃय 2.15ʂʜɚɿϟʺʩʂ౞ୃɠՔɧʟƆ
य 2.15: ˘ˊʶ˥˺ˎʪˀʶ௅ʂϟʺʩʂ౞ୃѬଟ.
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ϟʺʩɠ˘ˊʶ˥˺ˎʪˀʶ௅ɿ 1ɸɴɥਣݚɭʟۚਏɿ˘˲ˀ୊ກʘ˘˲ˀߞҏʦτюɭʟɼƅ
ϟʺʩʃ˘ˊʶ˥˺ˎʪˀʶʂ˕ˊˈೱഇʌΫஓɫࢶෞɭʟ (य 2.15(a),(b))Ɔɱʂڤƅ୊ກʘߞҏ
ʂτюɠ࠿ຎɭʟɼϟʺʩɠ˕ˊˈೱഇɟʝ१ढ़ɩʠƅٴʂΛટɻɖʟ˘ˊʶ˥˺ˎʪˀʶʂયअ
ɿΫஓɭʟ (य 2.15(c),(d))Ɔɧʂ౞ୃՆۚɻʃϟʺʩʂ౞ୃѬଟɻϟ-౞ϟʺʩ਻ɠࡥټɫɾɘɳ
ʕƅ౞ୃʯ˔˲ʵƟʂଊٹɠՃਿɩʠʟƆɧʠʒɻʂ˘ˊʶ˥˺ˎʪˀʶʦๆɘɳ٥֋ɻʃƅҙೱ
ߞҏɿʜʟߞшۚਏʂബш [55]ƅDCߞҏɿʜʟߞՉϟʂक़ڥ [56]ƅCo˘ˊʶ˥˺ˎʪˀʶ௅ʂҙ
ೱߞҏɿʜʟߞшۚਏʂബш [57]ƅˀ˛˺୊ກɿʜʟߞшۚਏʂक़ڥ [58]ɠൎ܍ɩʠɺɘʟƆɫɟ
ɫ˘˲ˀߞҏƅˀ˛˺୊ກʦๆɘɳϟʺʩʂ౞ୃՆۚʘ౞ୃِࣥɿɸɘɺʃൎ܍ɩʠɺɘɾɘƆɱ
ɧɻƅඕ٥֋ɻʃ˥ʫʶ˴˥ʷ˔ˍʪˊ ʶʾ˦ˬ˳Ɵʾˮ˺ʦๆɘɺƅ˘˲ˀߞҏƅˀ˛˺୊ກɿ
ʜʟϟʺʩʂ౞ୃɿɸɘɺ࣏ݔɿ૛ܵɫɳƆ
ʒɳƅࡓ๝ʂϟ-౞ϟʺʩ਻ʦๆɘɳϟʺʩʂ౞ୃՆۚɻʃƅ୊ກʒɳʃߞҏʦτюɭʟɼϟʺ
ʩɠ࣢ɿ౞ୃɫɺɫʒɚƆɱʂɳʕƅෳଯʂࣣൎʦࢆɡܛʔɿʃ౞ୃ৭ݩঽɿټݚʂϟʺʩʂڽɡ
ʦҷ௨ɫƅ಩์ɿЫɬɺ୊ກʒɳʃߞҏʦτюɭʟ಩์ɠɖʟƆλ൘ɻƅ˘ˊʶ˥˺ˎʪˀʶʦๆ
ɘɳϟʺʩʂ౞ୃɻʃƅय 2.15ɿߟɫɳʜɚɿϟʺʩʦλ୞ˎʪˀʶҙɿࡥɫƅ݁୞१ढ़ɭʟɳʕ
ٴƜʂϟʺʩʂڽɡɼஔɬ൘ڽʂϟʺʩʦ१ढ़ɭʟɧɼʖя௾ɻɖʟƆɱʂɳʕƅ౞ୃ৭ݩঽʂϟ
ʺʩʂڽɡʂҷ௨ʦɭʟɧɼɾɣෳଯʂࣣൎʦࢆɡܛʔɧɼɠя௾ɻɖʟƆඕ٥֋ɻʃƅɧʂ୅ɿ
ɸɘɺʖթ໱ɫɳƆ
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ඕࣂɻʃƅ˥ ʫʶ˴˥ʷ˔ˍʪˊ ʶʾ˦ˬ˳Ɵʾˮ˺ʂٵ๲ɼɱʂظޔʂກʠɿɸɘɺ঑෗ɭʟƆ˥
ʫʶ˴˥ʷ˔ˍʪˊ ʶʾ˦ˬ˳Ɵʾˮ˺ɻๆɘʟٵޫߞՉ˩Ɵ˨˺ˏʂϬஓʦ಺ɭLandau-Lifshitz-
Gilbert൘ଟߧƅߞՉ˩Ɵ˨˺ˏɿюʣʟ߹ڹߞҏʂظޔ൘൚ɿɸɘɺ঑෗ɭʟƆඕ٥֋ɻๆɘɳ
˥ʫʶ˴˥ʷ˔ˍʪˊ ʶʾ˦ˬ˳Ɵʾˮ˺˩ˎ˲ʃՂਣ٥֋ [14, 15, 59–61]ɼஔɬɻɖʟƆʾ˦ˬ
˳Ɵʾˮ˺ɻʃƅय 3.1ɿߟɭʜɚɿظޔ਻࣐ʦ๼൘ਹҳޫʦๆɘɺ๸ޏшɫɳ˩ˎ˲ʦๆɘɳƆ
ʾ˦ˬ˳Ɵʾˮ˺ɻʃƅү˂˲ʂયअɿజટɩʠɳٵޫߞՉ˩Ɵ˨˺ˏʂϬஓʦֆʕʟƆ
य 3.1: ظޔມηʂ๸ޏш.
3.1 Landau-Lifshitz-Gilbert൘ଟߧɼ߹ڹߞҏ
ٵޫߞՉ˩Ɵ˨˺ˏʂϬஓʦ಺ɭ൘ଟߧɻɖʟƅLandau-Lifshitz-Gilbert (LLG)൘ଟߧʃߘʂߧ
(ߧ (3.1))ɻ಺ɩʠʟƆ
m˙ = −|γ|(m×H) + α(m× m˙) (3.1)
ɧɧɻƅmƅHƅαƅγʃɱʠɲʠߞՉ˩Ɵ˨˺ˏƅ߹ڹߞҏƅਦ߱଑ॅƅߞՉѾୃಅʦ಺ɭƆɧɧ
ɻߟɫɳ LLG൘ଟߧʂٵޫߞՉ˩Ɵ˨˺ˏϬஓʃय 3.2ɻ಺ɩʠʟƆ
ٵޫߞՉ˩Ɵ˨˺ˏʃƅ߹ڹߞҏHʦѾୃ߫ɼɫɺѾୃϬஓɭʟ (m×H)Ɔɧʂ۽ɴɥɻʃٵ
ޫߞՉ˩Ɵ˨˺ˏʃߞҏɿʜɷɺѾୃɫਞɥʟɧɼɿɾʟɠƅټ߹ɿʃ݂࠿ଯɿ߹ڹߞҏʂ൘ڽʦ
ڽɣƆɧʂڹїʦ಺ɭʂɠGilbertʂਦ߱۽ (m× m˙)ɻɖʟƆ
ˀ˛˺୊ກɿʜɷɺٵޫߞՉ˩Ɵ˨˺ˏɿюʣʟˀ˛˺ˏ˲ʶʃƅˀ˛˺ˏ˲ʶ۽ɼɫɺߘʂʜ
ɚɿ LLG ൘ଟߧɿ৕ʓܛʔɧɼɠɻɡʟ (ߧ (3.2)) [59]Ɔ
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य 3.2: LLG൘ଟߧɻ಺ɩʠʟߞՉ˩Ɵ˨˺ˏʂϬஓ.
m˙ = −|γ|(m×H) + α(m× m˙)− (u ·∇)m, u = gµBJP
2eMs
(3.2)
ɧɧɻƅgƅµBƅJƅPƅeƅMsʃ gyromagnetic splitting factorƅˣƟʩߞޫƅˀ˛˺୊ກව୞ƅഇ
׎๻ƅ୊Ѥƅ൩໳ߞшʦ಺ɭƆuʃ୊ກਙ୞ɼڅʄʠƅ୊ޫʂϬஓ൘ڽʦ಺ɭˠʶˏ˲ɻɖʟƆʾ
˦ˬ˳Ɵʾˮ˺௅ɻʃ୊ກව୞ʃˀ˛˺୊ກව୞ (J)ɻʃɾɣƅ୊ກਙ୞ (u)ɻิɜʟɧɼɼɫɳƆ
ٵޫߞՉ˩Ɵ˨˺ˏɿʃƅټ߹ʂߞҏɴɥɻʃɾɣโƜɾʯ˔˲ʵƟɠюʣʟƆɧʠʝʂʯ˔˲
ʵƟʂڹїʃƅٵޫߞՉ˩Ɵ˨˺ˏɿюʣʟ߹ڹߞҏHɼɫɺ LLG ൘ଟߧɿ৕ʓܛʔɧɼɠя௾
ɻɖʟƆɧɧɻƅʯ˔˲ʵƟɼɫɺڱԀʯ˔˲ʵƟƅλ߫Ϊ൘ड़ʯ˔˲ʵƟƅZeemanʯ˔˲ʵƟƅ
ॴߞʯ˔˲ʵƟʦ۪ɜʟƆɱʠɲʠʂʯ˔˲ʵƟʃΙчʂ૳ʞɻɖʟƆ
• ڱԀʯ˔˲ʵƟ:ຬঋɭʟٵޫߞՉ˩Ɵ˨˺ˏɠஔɬ൘ڽʦڽɡɳɠʟड़߸ɿʜʟʯ˔˲ʵƟ
• λ߫Ϊ൘ड़ʯ˔˲ʵƟ:ٵޫߞՉ˩Ɵ˨˺ˏɠ஦଑ʂ߫ʂ൘ڽʦڽɡʘɭɘड़߸ɿʜʟʯ˔
˲ʵƟ
• Zeemanʯ˔˲ʵƟ:ҙೱߞҏɿʜʟʯ˔˲ʵƟ
• ॴߞʯ˔˲ʵƟ:ߞड़ਹɠߢഇߢङɿݩʞࡥɭߞҏɿʜʟʯ˔˲ʵƟ
ɧɧɻƅɧʠʝʂʯ˔˲ʵƟʂව୞ʦ εɼ಺ɭɼƅz൘ڽɿΪ൘ड़ɠਣݚɭʟࣟ܄ƅ߹ڹߞҏʃߘ
ʂߧ (3.3)ɻ಺ɩʠʟƆ
H = − δε
δM
,
ε = A(∇m)2 +Ku(1−m2z)−HEXT ·M−
1
2
HD ·M
(3.3)
ɧɧɻƅAʃڱԀˀˍʪˊ ˜˔ˀ଑ॅƅKuʃλ߫Ϊ൘ड़଑ॅ (ߞш฻Φ߫ʃ z൘ڽ)ƅHEXTʃҙೱ
ߞҏƅHDʃॴߞҏƅM =Ms ·mɻɖʟƆ
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3.2 LLG൘ଟߧʂॅખѽ൚
ߧ (3.2)ɻʃƅߞՉ˩Ɵ˨˺ˏʂബшຟ (m˙)ɠߧʂຑരɿࡥɺɡɺɘʟʂɻƆɱɧɻƅm˙ɠܳര
ʂʓɿټʠʟʜɚɿߧ (3.2)ʦߘʂߧ (3.4)ɿബآɭʟƆ
m× m˙ = −|γ|m× (m×H) + αm× (m× m˙)−m× (u ·∇)m
= −|γ| ((m ·H)m−H)− αm˙−m× (u ·∇)m (3.4)
ߧ (3.2)ɼߧ (3.4)ɟʝߘʂߧ (3.5)ʦணʟƆ
(1 + α2)m˙ = −|γ| (m×H+ α ((m ·H)m−H))− (αm× (u ·∇)m+ (u ·∇)m) (3.5)
ɧɧɻƅLLG൘ଟߧʦظޔՆɻѽɣɳʕɿƅߧ (3.5)ʦEuler൚ʦๆɘɺߗԝɿ਻ɫɺ๸ޏшɭʟƆ
d = −|γ|
1+α2
ƅe = m ·HɼɞɣƆʒɳƅ∆mʦmʂബшຟƅ∆tʦߗԝ܌ʓɼɭʟɼƅm˙ = ∆m∆t ʜ
ʞƅߘʂߧ (3.6)ɠணʝʠʟƆ
∆m = ∆t
(
d(m×H+ α(e ·m−H))− 1
(1 + α2)
(αm× (u ·∇)m+ (u ·∇)m)
)
(3.6)
ߧ (3.6)ʂ d,αʃݛດɿʜɷɺىʒʞƅuʃτюɭʟ୊ກව୞ɿΜਣɭʟƆʒɳƅ߹ڹߞҏHʃ 3.4
ঐɻ঑෗ɭʟ൘൚ɻظޔɩʠʟƆɧʠʝʦๆɘɺƅ∆tԝʂߞՉ˩Ɵ˨˺ˏʂബшຟ∆mʦֆʕʟƆ
ɧɧɻƅm,Hɠܽವ (x,y,z)ʦߖɸ 3ߘٴܽವ׸ԝɿɖʟɼɭʟɼƅm×Hƅ(u ·∇)mʃߘʂ
ߧ (3.7,3.8)ʂʜɚɿଽҔɩʠʟƆ
m×H =

myHz −mzHymzHx −mxHz
mxHy −myHx

 (3.7)
(u ·∇)m =
(
ux
∂m
∂x
+ uy
∂m
∂y
+ uz
∂m
∂z
)
(3.8)
ɧɧɻƅX =m×H, Y = (u ·∇)mɼટɡƅߧ (3.8)ϓരʂ஖ԟॅʦયअܴഇ൚ɻפߐɭʟɼƅY
ʃߘʂߧ (3.9)ɻ಺ɩʠʟƆ
(u ·∇)m = Y =


ux
mi+1,j,kx −m
i−1,j,k
x
2∆x + uy
mi,j+1,kx −m
i,j−1,k
x
2∆y + uz
mi,j,k+1x −m
i,j,k−1
x
2∆z
ux
mi+1,j,ky −m
i−1,j,k
y
2∆x + uy
mi,j+1,ky −m
i,j−1,k
y
2∆y + uz
mi,j,k+1y −m
i,j,k−1
y
2∆z
ux
mi+1,j,kz −m
i−1,j,k
z
2∆x + uy
mi,j+1,kz −m
i,j−1,k
z
2∆y + uz
mi,j,k+1z −m
i,j,k−1
z
2∆z

 (3.9)
ɫɳɠɷɺƅm× (u ·∇)mʃߘʂߧ (3.10)ʂʜɚɿ಺ɩʠʟƆ
m× (u ·∇)m =m×Y =

myYz −mzYymzYx −mxYz
mxYy −myYx

 (3.10)
ɧɧɻƅZ =m× (u ·∇)mɼટɣƆߧ (3.6)-(3.10)ʜʞƅb = 1
1+α2
ɼટɣɼߘʂߧ (3.11)ɠணʝ
ʠʟƆɧɧɻƅi, j, kʃү˂˲ʂΛટʦ಺ɭƆ
∆mi,j,k
x
=∆t
(
d(Xi,j,k
x
+ α(e ·mi,j,k
x
−Hi,j,k
x
))− b (αZi,j,k
x
+ Y i,j,k
x
))
∆mi,j,k
y
=∆t
(
d(Xi,j,k
y
+ α(e ·mi,j,k
y
−Hi,j,k
y
))− b (αZi,j,k
y
+ Y i,j,k
y
))
∆mi,j,k
z
=∆t
(
d(Xi,j,k
z
+ α(e ·mi,j,k
z
−Hi,j,k
z
))− b (αZi,j,k
z
+ Y i,j,k
z
))

 (3.11)
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ɧɧɻƅ∆x,∆y,∆zʃ˂˲ʂʼʫˁʦ಺ɭƆɧʂຶɻʃԑ੺ʂɳʕɿߗԝʂ๸ޏшɿ Euler ൚ʦ
ๆɘɳƆɫɟɫ Euler ൚ɻʃظޔʂ३୞ɠͼɣƅظޔ३୞ʦҷസɭʟΨɿʃࢡɩɾߗԝ܌ɠ಩์
ɼɾʞƅఽ੒ɾʾ˦ˬ˳Ɵʾˮ˺ߗԝɠ಩์ɼɾʟƆɱɧɻ߹ݘʂʾ˦ˬ˳Ɵʾˮ˺ɻʃƅ 4 ߘʂ
Runge-Kutta ൚ʦๆɘɳƆ
3.3 4ߘʂRunge Kutta൚
ঽࡧʂ๲ศɟʝඕ٥֋ɻʃ LLG൘ଟߧʂѽ൚ɿ 4ߘʂ Runge-Kutta൚ʦๆɘɺظޔʦ۱ɷɳƆ
ʃɬʕɿƅߧ (3.6)ʦߘʂʜɚɿɞɣƆ
∆m
∆t
= f(t,m)
ɧɧɻƅߧ (3.6)ɿRunge-Kutta൚ʦ଱ๆɭʟɼߘʂߧɠணʝʠʟƆ
k1 = f(t,m)
k2 = f(t+∆t/2,m+ k1/2)
k3 = f(t+∆t/2,m+ k2/2)
k4 = f(t,m+ k3)
m =∆m+∆t(k1 + 2k2 + 2k3 + k4)/6


(3.12)
ߧ (3.12)ʦๆɘʟɧɼɻƅߧ (3.11)ʜʞʖ३୞ʂۿɘظޔʦ۱ɚɧɼɠя௾ɼɾʟɳʕƅஔɬظޔ
३୞ɻɖʠʄ Euler ൚ʜʞʖʜʞ੒ɡɾߗԝ܌ʓʂ๭ๆɠя௾ɼɾʟƆ
3.4 ߹ڹߞҏʂॅખѽ൚
ظޔ਻࣐ʦय 3.1ʂʜɚɿ๸ޏшɫƅߧ (3.3) ɟʝ߹ڹߞҏʦظޔՆɻظޔɻɡʟʜɚɿബԀɭ
ʟƆ߹ڹߞҏʃƅڱԀߞҏƅλ߫Ϊ൘ड़ʯ˔˲ʵƟɿʜʟߞҏƅҙೱߞҏƅॴߞҏɻۚढ़ɩʠɺɘ
ʟɠƅΙчɻʃڱԀߞҏƅॴߞҏʂॅખѽ൚ɿɸɘɺࡧʍʟƆ
3.4.1 ڱԀߞҏ
ߧ (3.3)ɟʝڱԀߞҏʃƅߘʂʜɚɿߧബآɩʠʟƆ
HA = −δε
A
δM
= −∂ε
A
∂M
+
∂
∂x
(
∂εA
∂
(
∂M
∂x
)
)
+
∂
∂y

 ∂εA
∂
(
∂M
∂y
)

+ ∂
∂z
(
∂εA
∂
(
∂M
∂z
)
)
=
2A
Ms
(
∂2m
∂x2
+
∂2m
∂y2
+
∂2m
∂z2
)
=
2A
Ms


∂2mx
∂x2
+ ∂
2mx
∂y2
+ ∂
2mx
∂z2
∂2my
∂x2
+ ∂
2my
∂y2
+ ∂
2my
∂z2
∂2mz
∂x2
+ ∂
2mz
∂y2
+ ∂
2mz
∂z2

 (3.13)
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ߧ (3.13)ɿɞɘɺ ∂2m
∂x2
ʦયअܴഇ൚ɻפߐɭʟɼߘʂߧ (3.14)ʂʜɚɿ಺ɩʠʟƆ
∂2m
∂x2
=


mi+1,j,kx −2m
i,j,k
x +m
i−1,j,k
x
∆x2
mi+1,j,ky −2m
i,j,k
y +m
i−1,j,k
y
∆x2
mi+1,j,kz −2m
i,j,k
z +m
i−1,j,k
z
∆x2

 (3.14)
ஔโɿ ∂2m
∂y2
ƅ∂2m
∂z2
ɿɸɘɺѽɣɼƅڱԀʯ˔˲ʵƟɿʜʟߞҏHAʃߘʂߧ (3.15)ɻ಺ɩʠʟƆ
HA =
2A
Ms


mi+1,j,kx −2m
i,j,k
x +m
i−1,j,k
x
∆x2
+ m
i,j+1,k
x −2m
i,j,k
x +m
i,j−1,k
x
∆y2
+ m
i,j,k+1
x −2m
i,j,k
x +m
i,j,k−1
x
∆z2
mi+1,j,ky −2m
i,j,k
y +m
i−1,j,k
y
∆x2
+
mi,j+1,ky −2m
i,j,k
y +m
i,j−1,k
y
∆y2
+
mi,j,k+1y −2m
i,j,k
y +m
i,j,k−1
y
∆z2
mi+1,j,kz −2m
i,j,k
z +m
i−1,j,k
z
∆x2
+ m
i,j+1,k
z −2m
i,j,k
z +m
i,j−1,k
z
∆y2
+ m
i,j,k+1
z −2m
i,j,k
z +m
i,j,k−1
z
∆z2

 (3.15)
ඕ٥֋ɻ਻࣐ɼɫɳظޔ˩ˎ˲ɻʃƅߞड़ਹʂ࠵Ξɿʃಒߞड़ਹɠਣݚɫɺɘɾɘɼщ଑ɫƅߢศ
ְҏِࣥʦ଱ๆɫɺظޔʦ۱ɷɳƆߢศְҏɻʃƅְҏࣘɻߧ (3.16)ʦභɳɭʜɚɿߞՉ˩Ɵ˨˺
ˏʦ঎଑ɫɳƆ
δM
δn
= 0 (3.16)
ɧɧɻƅnʃְҏມηɻʂ൚ভ൘ڽʦ಺ɭƆ
ɧɧɻƅx൘ڽʂߢศְҏِࣥɿɸɘɺ۪ɜʟɼƅߧ (3.16)ɿঽछܴഇ൚ʦๆɘʟɼߧ (3.17)ɠ
ணʝʠʟƆ
δM
δx
=
Mi+1 −Mi
∆x
= 0 (3.17)
ɫɳɠɷɺƅظޔມηҙ (i+1౵ෳʂظޔ୅)ɿʃƅظޔມηʂઅʂظޔ୅ʂߞՉ˩Ɵ˨˺ˏɼஔɬ
ڽɡʂߞՉ˩Ɵ˨˺ˏʦ঎଑ɭʟƆ
3.4.2 ॴߞҏ
λ౫ଯɿॴߞҏʃߞड़ਹ௅ೱʂߞшۚਏɿʜɷɺബшɭʟɳʕƅѽॾଯɿֆʕʟɧɼɠɻɡɾɘƆ
ࡓɷɺॅખଯɿֆʕʟ಩์ɠɖʟƆɧɧɻʃɱʂظޔٵ๲ʦ঑෗ɭʟɳʕɿƅԑ੺ɾ˩ˎ˲ɿʜʟ
ظޔ൘൚ʦ঑෗ɭʟ [39]Ɔ਻࣐ɼɭʟظޔມηʃƅय 3.1ɿߟɭʜɚɿ૥൘ਹ˂˲ʂࡍʒʞɿഇӍ
ɭʟƆү૥൘ਹ˂˲ʂયШೱɿٵޫߞՉ˩Ɵ˨˺ˏʦజટɫɺɘʟɳʕɿƅү˂˲ʂયШೱɿټʠ
ʟॴߞҏʦֆʕʟʖʂɼɭʟƆɧɧɻƅλɸʂظޔ˂˲௅ɻʃٵޫߞՉ˩Ɵ˨˺ˏʃɭʍɺஔɬ൘
ڽʦڽɣɼщ଑ɭʟɼƅظޔມη௅ɿټʠʟߞѤʃƅুɺظޔ˂˲ʂ಺෣ɿټʠʟɧɼɿɾʟƆλ
ɸʂٵޫߞՉ˩Ɵ˨˺ˏƭظޔ୅Ʈɿټʠʟॴߞҏʃƅظޔມη௅ʂɭʍɺʂߞѤɠɘʒ۪ɜɺɘ
ʟظޔ୅ (Ԙਗ୅)ɿݩʞࡥɭॴߞҏʂ໳ɼɫɺֆʕʟɧɼɠɻɡʟƆߘɿ૥൘ਹ˂˲ʂ಺෣ɿټʠ
ʟߞѤɠݩʞࡥɭॴߞҏʦֆʕʟƆظޔມη௅ʂλɸʂظޔ˂˲ɼߞҏԘਗ୅ɼʂԟؙʦय 3.3ɿ
ߟɭƆ
ظޔ˂˲ʂү෣ʃ x-yƅy-zƅx-z෣ɿɱʠɲʠച۱ɻɖʟɼɭʟƆظޔ˂˲ʂү෣ʃƅɱʠɲʠ
෣ව୞±Mxƅ±Myɞʜʇ±MzɻߞѤɠഇ೘ɫɺɘʟʖʂɼɭʟƆɧʠʝʂ 6ɸʂ෣ʦƅy-z෣ɿ
ച۱ɾ෣ƅx-z෣ɿച۱ɾ෣ɞʜʇ x-y෣ɿച۱ɾ෣ɿഇɥƅɱʠɲʠʂ෣ɿټʠʟߞѤɠԘਗ୅
ɿݩʟॴߞҏʦֆʕʟƆ
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x
z
y
x0 x1
y0
y1
z0
z1
Observation point
+
+
-
-
य 3.3: ॴߞҏʂظޔ.
ʒɮƅy-z෣ɿച۱ɾϓ਑ʂ෣ʦ۪ɜʟƆԘਗ୅ɟʝ (x1,y,z)๸ʠɳɧʂ෣ࣘʂಘࢡມηɠԘਗ
୅ɿݩʞࡥɭߞҏʃƅΙчʂߧ (ߧ (3.18))ɻ಺ɩʠʟƆ
∆Hx = −Mx
r2
x1
r
∆y∆z, ∆Hy = −Mx
r2
y
r
∆y∆z, ∆Hz = −Mx
r2
z
r
∆y∆z, r =
√
x21 + y
2 + z2 (3.18)
਻࣐ɼɭʟ෣ࣘʂߞѤɠԘਗ୅ɿݩʞࡥɭߞҏʃƅɧʠʝʂߞҏʦΆɚ෣ɿʣɳɷɺঀഇɭʟɧɼ
ɿʜɷɺֆʕʝʠʟ (ߧ (3.19))Ɔ
Hx =
∫ z1
z0
∫ y1
y0
∆Hx, Hy =
∫ z1
z0
∫ y1
y0
∆Hy, Hz =
∫ z1
z0
∫ y1
y0
∆Hz (3.19)
ஔโɿ y-z෣ɿച۱ɾܳ਑ʂ෣ࣘʂߞѤɠԘਗ୅ɿݩʞࡥɭߞҏʦֆʕƅɧʠʝʂߧʦʒɼʕʟƆ
ஔโʂ৭ݩʦ x-z෣ɿച۱ɾ෣ɼ x-y෣ɿച۱ɾ෣ɻ۱ɘƅɱʠɲʠʦʒɼʕʟɼƅظޔ˂˲ࣘʂ
ߞѤɠԘਗ୅ɿݩʞࡥɭߞҏʃƅΙчʂߧ (ߧ (3.20))ɻ಺ɩʠʟƆ
Hx = qxx ·mx + qxy ·my + qxz ·mz,
Hy = qxy ·mx + qyy ·my + qyz ·mz,
Hz = qzx ·mx + qzy ·my + qzz ·mz

 (3.20)
ɧɧɻƅqxx,qxy,qxz,qxyx,qyy,qyzʃߞՉ˩Ɵ˨˺ˏʂ੒ɡɩɼԘਗ୅ɼ૥൘ਹɼʂ֜๸ɿʜɷɺ
ىʒʟؙॅ (ॴߞҏؙॅ)ɻɖʟƆඕ٥֋ʂظޔɻʃƅүظޔ˂˲ʃஔɬ੒ɡɩɻɖʞƅஔɬԝҿɻ
Ց਒ଯɿഝʧɻɘʟɳʕɿƅɖʟظޔ୅ʦظޔ˂˲ɠ਩ʂظޔ୅ɿݩʞࡥɭॴߞҏʦֆʕʟɳʕɿ
ޡɚॴߞҏؙॅʃƅɧʠʝʂ୅ʂԝҿɴɥɻىʒʟƆɧʂɧɼʜʞ੓ (i, j, k)౵ෳʂظޔ୅ɻʂॴ
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ߞҏʃƅΙчʂߧ (3.21,3.22,3.23)ɻ಺ɩʠʟƆ
H i,j,kx =
nx∑
i′=1
ny∑
j′=1
nz∑
k′=1
[
qxxi
′−i,j′−j,k′−k ·mi′,j′,k′x
+qxyi
′−i,j′−j,k′−k ·mi′,j′,k′y + qxzi
′−i,j′−j,k′−k ·mi′,j′,k′z
]
(3.21)
H i,j,ky =
nx∑
i′=1
ny∑
j′=1
nz∑
k′=1
[
qyxi
′−i,j′−j,k′−k ·mi′,j′,k′x
+qyyi
′−i,j′−j,k′−k ·mi′,j′,k′y + qyzi
′−i,j′−j,k′−k ·mi′,j′,k′z
]
(3.22)
H i,j,kz =
nx∑
i′=1
ny∑
j′=1
nz∑
k′=1
[
qzxi
′−i,j′−j,k′−k ·mi′,j′,k′x
+qzyi
′−i,j′−j,k′−k ·mi′,j′,k′y + qzzi
′−i,j′−j,k′−k ·mi′,j′,k′z
]
(3.23)
ɧɧɻ nx, nyʃɱʠɲʠ xɞʜʇ y൘ڽʂظޔ୅ʂॅɻɖʟƆ
ॴߞҏؙॅʃΙчʂߧ (ߧ (3.24),(3.25))ɻֆʕʝʠʟ [62]Ɔ
qxx(I, J,K) = M
1∑
i=0
1∑
j=0
1∑
k=0
(−1)i+j+k tan−1
∣∣∣∣(K − k − 1/2)(J + j − 1/2)∆z∆yrijkP (I + i− 1/2)∆x
∣∣∣∣ ,(3.24)
qxy(I, J,K) = −M
1∑
i=0
1∑
j=0
1∑
k=0
(−1)i+j+k log |(K + k − 1/2)∆z + rijkP | . (3.25)
ࣘߧʂ I, J, rijkP ɿʃΙчɠๆɘʝʠʟƆ
|I| = 0, 1, · · · , nx− 1; |J | = 0, 1, · · · , ny − 1; |K| = 0, 1, · · · , nz − 1
rijkP =
√
(I + i− 1/2)2∆x2 + (J + j − 1/2)2∆y2 + (K + k − 1/2)2∆z2
ߧ (3.24,3.25)ɼஔโɿɫɺ qxz, qyz, qyy, qzzʖֆʕʝʠʟƆ
ɧɧʒɻʃظޔ˂˲યШೱɿټʠʟॴߞҏʦظޔɫɺɡɳƆɫɟɫƅ߹ݘʃظޔ˂˲௅ɻʖॴߞ
ҏɿβɘɠɖʟɳʕƅʜʞۿɘ३୞ɻॴߞҏʦֆʕʟɳʕɿʃƅॴߞҏʦظޔ˂˲௅ɻചהɫɺֆ
ʕʟࠡ൚ɠ಩์ɼɾʟ [63]ƆΙчɿƅߧ (3.24,3.25)ʂ੐ʣʞɼɫɺๆɘɳߧ (3.26)-(3.29)ʦߟɭƆ
F1(X;Y,Z) = XY Z tan−1
(
Y Z
XD
)
+
1
2
Y (Z2 −X2) ln |D − Y |
+
1
2
Z(Y 2 −X2) ln |D − Z|+ 1
6
(Y 2 + Z2 − 2X2)D (3.26)
F2(Z;X,Y ) = −XY Z ln |D + Z|+ 1
6
Y (Y 2 − 3Z2) ln |D +X|
+
1
6
X(X2 − 3Z2) ln |D + Y |+ 1
2
X2Z tan−1
(
Y Z
XD
)
+
1
2
Y 2Z tan−1
(
XZ
YD
)
+
1
6
Z3 tan−1
(
XY
ZD
)
+
1
3
XYD (3.27)
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< qxx >v=
1
v
2∑
i,j,k,l,m,n=1
(−1)i+j+k+l+m+n−1
×F1(x+ xl − xi; y + ym − yj , z + zn − zk) (3.28)
< qxy >v=
1
v
2∑
i,j,k,l,m,n=1
(−1)i+j+k+l+m+n−1
×F2(z + zn − zk;x+ xl − xi, y + ym − yj) (3.29)
ɧɧɻƅD =
√
X2 + Y 2 + Z2ƅ(x, y, z)ʃԘਗ˂˲ƅ(xi, yj , zk)ʃԘਗ˂˲ɿॴߞҏʦݩʞࡥɭ˂
˲ʦ಺ɭƆ
3.5 ๸ޏۿਙ˜Ɵ˱ʯബԀʦๆɘɳ convolutionЖޔʂۿਙш
3.5.1 ࠵Ճۚਏɻʂ convolutionЖޔ
3.4.2ঐɻࡧʍɳॴߞҏظޔʃƅߧ (3.21), (3.22),(3.23)ʂʜɚɿΙчʂߧ (3.30)ɠԷඕɼɾɷɺ
ɘʟƆ
H i,j,k =
nx∑
i′=1
ny∑
j′=1
nz∑
k′=1
qi
′−i,j′−j,k′−k ·mi′,j′,k′ (3.30)
ɧɧɻƅH,mʃɱʠɲʠ੒ɡɩ nx ·ny ·nzʂˠʶˏ˲ƅqʃ੒ɡɩ (2nx−1) · (2ny−1) · (2nz−1)
ʂˠʶˏ˲ƅnx, ny, nzʃ 2ʂາࣛʂॅɼɭʟƆɧʂЖޔʃ convolutionЖޔɼڅʄʠƅHʦুɺ
ֆʕʟظޔߗԝʃ nx · ny · nzʂ 2ࣛɿಅຶɭʟƆ
ߘɿ q,mɠ࠵Ճ nx, ny, nzʂ࠵Ճԟॅɻɖʟࣟ܄ƅqʃ੒ɡɩ nx · ny · nzʂˠʶˏ˲ɻ಺ɩʠ
ʟƆɧʂɼɡƅߧ (3.30)ʂЖޔʃ๸ޏ˜Ɵ˱ʯബԀʦๆɘɺƅΙчʂࠡࡼɿʜʞظޔɻɡʟ [38,39]Ɔ
1. q,mʂ˜Ɵ˱ʯढ़ഇm.re(mʂ˜Ɵ˱ʯढ़ഇʂ߹ॅೱ)ƅm.im(mʂ˜Ɵ˱ʯढ़ഇʂ֚ॅೱ)ƅ
q.re(qʂ˜Ɵ˱ʯढ़ഇʂ߹ॅೱ)ƅq.im(qʂ˜Ɵ˱ʯढ़ഇʂ֚ॅೱ)ʦֆʕʟƆ
2. ֆʕɳ˜Ɵ˱ʯढ़ഇʂүढ़ഇʦ૥ঋӆɥ܄ʣɯƅٌїʦɱʠɲʠH.reƅH.imɼɭʟƆ
H i,j,k.re = mi,j,k.re · qi,j,k.re−mi,j,k.im · qi,j,k.im (3.31)
H i,j,k.im = mi,j,k.re · qi,j,k.im+mi,j,k.im · qi,j,k.re (3.32)
3. H.reƅH.imʦպ˜Ɵ˱ʯബԀɭʟƆɧʂɼɡணʝʠɳٌїʂ߹ॅೱɠֆʕʟʍɡHɼɾʟƆࣘ
Ւʂ൘൚ʦๆɘʟɼƅ1,3ʃ੒ɡɩnx·ny·nzʂˠʶˏ˲๸ޏ˜Ɵ˱ʯബԀɞʜʇպബԀɻɖʟʂ
ɻƅ๸ޏۿਙ˜Ɵ˱ʯബԀ (ΙчƅFFT)ʂࠡ൚ʦๆɘɺظޔʦ۱ɜʄƅnx·ny·nz log(nx·ny·nz)
ɿಅຶɭʟظޔߗԝɻظޔʦ۱ɚɧɼɠɻɡʟƆʒɳƅ2ʃ nx · ny · nzɿಅຶɭʟظޔߗԝ
ɻظޔʦ۱ɚɧɼɠɻɡʟƆʜɷɺƅুɺʂظޔʃ O(nx · ny · nz log(nx · ny · nz))ɻ۱ɚ
ɧɼɠɻɡʟƆ
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3.5.2 ಒ࠵Ճۚਏɻʂ convolutionЖޔ
ࣘՒʂظޔʃ࠵Ճۚਏʂߗɿʂʓ଱Ыя௾ɻɖʞƅɱʂʒʒɻʃಒ࠵Ճۚਏʂࣟ܄ʃ଱Ыɻɡɾ
ɘƆʾ˦ˬ˳Ɵʾˮ˺ɻๆɘʟߞшۚਏʃ࠵Ճۚਏɻʃɾɘʂɻƅಒ࠵Ճۚਏɻʖظޔɻɡʟʜɚ
ɿɫɾɥʠʄɾʝɾɘƆࣘՒʂࠡ൚ʦಒ࠵Ճۚਏʂظޔɿ଱ЫɭʟɳʕɿʃƅΙчɻࡧʍʟ˃˴˘
ˎʪ˺ʷࠡ൚ʦๆɘʟɧɼɠ಩์ɻɖʟ [38, 39]Ɔ
ʒɮƅ੒ɡɩ nx · ny · nzʂˠʶˏ˲ʦय 3.4ɿߟɭʜɚɿƅ੒ɡɩ 2nx · 2ny · 2nzʂˠʶˏ˲ɿ
ұૌɭʟƆ
(a) ߞՉ˩Ɵ˨˺ˏ (m′) (b) ॴߞҏؙॅ (q′)
य 3.4: үˎƟˆʂ˃˴˘ˎʪ˺ʷ.
ˠʶˏ˲ m′ ʃƅm Ιҙʂೱഇʦ 0 ɻඝʕɳˠʶˏ˲ɻɖʟƆʒɳƅˠʶˏ˲ q′ ʃƅٴƜʂ
convolutionЖޔɿ಩์ɾ (2nx− 1) · (2ny− 1) · (2nz − 1)ڃʂ์৔ʂүढ़ഇʂঽɿ 0ʦ೒юɫɳˠ
ʶˏ˲ɻɖʟƆɧʂʜɚɿɫɺணʝʠɳ q′ƅm′ɿ਻ɫɺƅঽঐʂࠡࡼʦ଱ๆɭʟƆணʝʠɳˠʶ
ˏ˲ʦH′ɼɭʟɼƅH ′nx+1,ny+1,nz+1,· · · ,H ′2nx+1,2ny+1,2nz+1ʂढ़ഇɠֆʕʟЖޔʂѽɼɾʟƆɫ
ɳɠɷɺƅय 3.5ɿߟɫɳٌїɠֆʕʝʠɳॴߞҏɻɖʟƆ
य 3.5: ֆʕʝʠɳॴߞҏ (H ′).
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3.5.3 ॴߞҏظޔʌʂЫๆ
ࣘՒʂ FFTʦๆɘɳ convolutionЖޔʦॴߞҏظޔɿ଱ๆɭʟɼय 3.6ʂກʠɿʜɷɺظޔɩ
ʠʟƆ
य 3.6: ॴߞҏظޔ.
ɧɧɻƅCʃॴߞҏؙॅƅMʃߞՉ˩Ɵ˨˺ˏƅ*τɠ೒ɘɳʖʂʃɱʠʝʂ˜Ɵ˱ʯढ़ഇɼɭ
ʟƆ૥ঋظޔɻʃ O((nx · ny · nz)2)ɻɖɷɳʖʂɠƅFFTʦ๭ๆɫɳظޔɿʜʞƅO((nx · ny ·
nz) log(nx · ny · nz))ɻظޔɻɡʟʜɚɿɾʟƆॴߞҏؙॅCʃƅߧ (3.28,3.29)ɿʜɷɺظޔɩ
ʠƅqxx, qxy, qxz, qyy, qyz, qzz ʂ 6ࠦຳɖʟƆMʃ x,y,z൘ڽɻ 3ࠦຳਣݚ (Ιчƅmx,my,mz)
ɭʟƆɧɧɻƅ״ਹଯɾॴߞҏظޔʂກʠʃƅx,y,z൘ڽɿഇɥɺߟɭɼΙчʂʜɚɿɾʟƆ
1. ү˩Ɵ˨˺ˏʂ˜Ɵ˱ʯബԀ
(a) m∗x = FFT (mx, FORWARD)
(b) m∗y = FFT (my, FORWARD)
(c) m∗z = FFT (mz, FORWARD)
2. ү˩Ɵ˨˺ˏ (˜Ɵ˱ʯढ़ഇ)ɼॴߞҏؙॅ (˜Ɵ˱ʯढ़ഇ)ʂࣛޔ
(a) H∗x0 = m
∗
x · qxx∗, H∗x1 = m∗y · qxy∗, H∗x2 = m∗z · qxz∗
(b) H∗y0 = m
∗
x · qxy∗, H∗y1 = m∗y · qyy∗, H∗y2 = m∗z · qyz∗
(c) H∗z0 = m
∗
x · qxz∗, H∗z1 = m∗y · qyz∗, H∗z2 = m∗z · qzz∗
3. ࣛޔٌїʂਘɫ܄ʣɯ
(a) H∗x = H
∗
x0 +H
∗
x1 +H
∗
x2
(b) H∗y = H
∗
y0 +H
∗
y1 +H
∗
y2
(c) H∗z = H
∗
z0 +H
∗
z1 +H
∗
z2
4. ਘɫ܄ʣɯٌїʂպ˜Ɵ˱ʯബԀ
(a) Hx = FFT (H∗x , BACKWARD)
(b) Hy = FFT (H∗y , BACKWARD)
(c) Hz = FFT (H∗z , BACKWARD)
ࣘՒɿɞɘɺƅFFT()ʃ FFTʂԟॅɼɭʟƆCʂॴߞҏؙॅʃ൩໳ߞшɼҳޫԝҿʂʓɿʜɷɺ
ىʒʟʖʂɻɖʞظޔયʃ೑ബɻɖʟʂɻƅʾ˦ˬ˳Ɵʾˮ˺Ҕިߗɿॴߞҏؙॅɼɱʂ˜Ɵ˱ʯ
ؙॅʦλ୞ظޔɫɺɞɣɴɥɻʜɘƆ
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ඕ٥֋ɻʃ˥ʫʶ˴˥ʷ˔ˍʪˊ ʶʾ˦ˬ˳Ɵʾˮ˺ʦๆɘɺโƜɾِࣥɻʂϟʺʩʂϬஓʦ࣏
ݔɿѽॾɭʟƆߞՉˎʪˀʶɿюʣʟˀ˛˺୊ກʘ୊ກߞҏʃˎʪˀʶ௅ೱɻ೾ށɿബшɭʟɳʕ
ɿƅɧʠʝɿʜʟϟʺʩϬஓʦ࣏ݔɿѽॾɭʟɿʃƅߞՉˎʪˀʶʦඥڻ൘ڽɿʖഇӍɫɳ 3ߘٴ
˩ˎ˲ʦๆɘɳѽॾɠ಩์ɻɖʟƆɧʂɳʕʾ˦ˬ˳Ɵʾˮ˺ɿʃಒ࣢ɿਪɣʂظޔߗԝɠ಩์ɼ
ɾʟƆຶɜʄ߹ٲɻๆɘʝʠʟʼʫˁʂߞՉˎʪˀʶʂ 1 Ѿʂʾ˦ˬ˳Ɵʾˮ˺ʦ૳࣢ʂ CPUɻ
۱ɾɚࣟ܄ʂظޔߗԝʃช 2 ˽ُɻɖʞƅߏ߹ࣘظޔɠ೑я௾ɻɖʟƆɧʂɳʕɿʾ˦ˬ˳Ɵʾˮ
˺ʂۿਙшɠ಩์ɻɖʟƆɫɟɫ˥ʫʶ˴˥ʷ˔ˍʪˊ ʶʾ˦ˬ˳Ɵʾˮ˺ɻʃˎƟˆ૳ࣿຟɠਪ
ɘ๸ޏۿਙ˜Ɵ˱ʯബԀʦๆɘɺॴߞҏظޔʦ۱ɚɳʕ (3.5ঐ)ƅɳɼɜ૝ഝໆظޔՆʦๆɘɳɼ
ɫɺʖˎƟˆ૳ࣿɠˣˏ˲˔ˊʶɼɾʟɳʕۿਙшʃՃਿɻɡɾɘƆ
ඕࣂɻʃټݚશෳɩʠɺɘʟGPUʦๆɘɺʾ˦ˬ˳Ɵʾˮ˺ʂۿਙшʦ۱ɷɳƆɫɟɫƅঽࡧ
(2.3ঐ)ʂʜɚɿGPUʂఝ३୞ظޔ௾ຢʃ੺३୞ظޔ௾ຢɼಅҼɫɺଊɘɼɘɚ෻੕ɠɖʟƆGPU
ʂड़௾ʦࡒഇɿωɡࡥɭɿʃ੺३୞ظޔʦๆɘʟ಩์ɠɖʟɠƅ੺३୞ظޔʦๆɘɳࣟ܄Ԥʕڬܴ
ʂϳׄɠ੒ɡɣɾʟɳʕƅఝ३୞ظޔʦๆɘɺணʝʠʟٌїɼʃΪɾʟظޔٌїɠணʝʠʟя௾ड़
ɠɖʟƆඕ٥֋ɻʃࡓ๝ʂظޔ˩ˎ˲ɟʝʂۿਙш๻ʂ಻ьɿюɜƅظޔ३୞ɠظޔٌїʌิɜʟ
ϳׄɿɸɘɺʖ಻ьɫɳƆඕ٥֋ɻʃƅظޔ३୞ƅCPUɼGPUʂ৕܄ɯɿમෳɫƅ6ɸʂظޔ˩
ˎ˲ʦଚΕɫƅۿਙш๻ƅظޔ३୞ɿʜʟظޔٌїʌʂϳׄɿɸɘɺ۪ݺɫɳƆ
4.1 ظޔ˩ˎ˲
߹ٲɻʃࠞɿ૥أ 1ɟʝ 2 µmʂߞՉˎʪˀʶɠๆɘʝʠɺɘʟ [14, 15]Ɔঽࡧ (2.3ঐ)ʂ๲ศ
ɟʝƅ੺३୞ظޔʦๆɘɳࣟ܄Ԥʕڬܴɠࡍঀɫƅظޔٌїɠࡓ๝ʂ CPUʦๆɘɳظޔ˩ˎ˲ʂ
ظޔٌїɼΪɾʟя௾ड़ɠɖʟƆɫɳɠɷɺƅ੺३୞ظޔʦๆɘɳGPUɿʜʟظޔʂٌїʦࡓ๝
ʂCPUʦๆɘɳࣟ܄ʂظޔٌїɼಅҼɭʟ಩์ɠɖʟƆɫɟɫƅCPUʦๆɘɳظޔʃGPUʦๆ
ɘɳظޔɼಅҼɫɺಒ࣢ɿظޔߗԝɠૠɘƆCPUɻʂظޔߗԝʂक़ชɟʝظޔ਻࣐ʂߞՉˎʪˀ
ʶʼʫˁʃࠞɿ૥أ 1 µmƅඥڻ 40 nmɼɫɳƆݛດ଑ॅʃ Permalloyݛ (Ms = 800 emu/cm3ƅ
A = 1 × 10−6 erg/cmƅKu = 0ƅα = 0.01)ʂખʦๆɘɳƆɧɧɻʃƅ୊ກව୞ʃλโɻƅx൘ڽ
ɿAC୊ກʦ଱ๆɭʟƆʒɳƅԑ੺ʂɳʕ୊ກߞҏʂڹїʃ෌߄ɭʟʖʂɼɫɳƆظޔມηʃय 4.1
ʂʜɚɿƅ4×4×40 nmʂ๼൘ਹ˂˲ɻ๸ޏшɫɳ (250×250˂˲)Ɔү˂˲௅ʂߞՉ˩Ɵ˨˺ˏʃ
LLG൘ଟߧɿˀ˛˺ˏ˲ʶ۽ʦ஖௡ɫɳߧ (ߧ (3.2))ɿࡓɚʖʂɼɫɳƆ
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य 4.1: ظޔມηʂ๸ޏш.
4.2 ߹ٲԋְ
ඕ٥֋ɻๆɘɳ߹ٲԋְʃ CPU: Intel Core i7 920ƅ˨ʫ˺˨˩˱: 12GBƅOS: Cent OS 5.3ƅ
GPU: NVIDA GeForce GTX 285(य 4.2)ɻɖʟƆGeForce GTX 285ʃ 240ڃʂ˞˴˂ˊʼʺʩ
ɼ 1 GBʂ˨˩˱ʦߖɸ [51]ƆGTX 285ʂظޔ௾ຢʃ੺३୞ظޔɻ 1063 GFLOPSƅఝ३୞ظޔ
ɻ 90 GFLOPSɻɖʟƆGPU˞˴ʷ˰˧Ҕ౎ɿʃ CUDA SDK 2.3ʦๆɘɳƆʒɳƅࡓ๝ʂ CPU
ʦๆɘɳظޔ˩ˎ˲ɻʃ Intel C Compiler 10.1ɼ Intel Math Kernel Library (MKL) 10.1ʦๆɘ
ɳ [64, 65]Ɔ
य 4.2: NVIDIA GeForce 285(ࡥ଺:http://www.nvidia.com/object/product geforce gtx 285 us.html).
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4.3 GPUʦๆɘɳ˥ʫʶ˴˥ʷ˔ˍʪˊ ʶʾ˦ˬ˳Ɵʾˮ˺˩ˎ˲
GPUʃ˞˴ʷ˰˧ɿʜɷɺ૥ঋஓɟɭɧɼɠɻɡɮƅCPU˞˴ʷ˰˧ɟʝԝঋଯɿஓɟɭ಩์
ɠɖʟƆɧʂɳʕƅGPUʦๆɘɳظޔɻʃ಩ɮCPUʖ๭ๆɭʟɧɼɿɾʟƆɧʂɧɼɟʝƅݛດ
଑ॅƅߞՉ˩Ɵ˨˺ˏʂࡾՃખƅॴߞҏؙॅƅॴߞҏؙॅʂ˜Ɵ˱ʯؙॅɾɽʂࡾՃખʘ˞˴ʷ˰
˧߹۱યɻബшɫɾɘˎƟˆɾɽʂƅظޔɠ೾ށɻλ୞ɫɟظޔɠ಩์ɻɾɘʖʂʃ CPU਑ɻগ
ɿظޔʦ۱ɾɘƅٌїʦGPUɿୃ਄ɭʟɧɼɿɫɳƆъ୞ʖ،ʞറɫظޔɠ಩์ɾ 4ߘʂ˲˺ʹ
ʶˊˆ൚ (RK4)ɿʜʟ LLG൘ଟߧʂظޔʃGPUʦๆɘɺ۱ɾɷɳƆʒɳƅGPUʃ૥ঋظޔٌї
ʦҙೱɿࡥຢɭʟɧɼɠɻɡɾɘɳʕƅ˲˺ʹʶˊˆ൚ظޔೱഇɻʖٌїʂࡥຢʂݘɿʃ CPUʦ
ๆɘɳƆGPUʦๆɘɳظޔɻ๭ๆɻɡʟˎƟˆʃGPUࣘʂʷ˴Ɵ˗˲˨˩˱યʂˎƟˆɴɥɻɖ
ʟʂɻƅٌїʦࡥຢɭʟɿʃλ୞GPUʂʷ˴Ɵ˗˲˨˩˱ɟʝ˨ʫ˺˨˩˱ɿࡥຢɭʟˎƟˆʦ
Ϋஓɫƅɱʂڤ CPUɠٌїࡥຢʦ۱ɚ಩์ɠɖʟƆ
GPUʦๆɘɳظޔ˩ˎ˲ʦى଑ɭʟɳʕɿƅ˲˺ʹʶˊˆ൚ظޔ௅ɻˣˏ˲˔ˊʶɼɾɷɺɘʟ
ೱഇʦ૛ʍʟ಩์ɠɖʟƆɱɧɻʒɮƅ˲˺ʹʶˊˆ൚ظޔ௅ɻ݂ʖظޔߗԝɠ಩์ɼɾʟॴߞҏ
ʂظޔߗԝӍ܄ʦ૛ʍɳƆय 4.3ɿظޔ˂˲ॅɿʜʟ 4ߘʂ˲˺ʹʶˊˆ൚ظޔ 1ˀˍˊ˞௅ʂॴ
ߞҏظޔʂঙʕʟӍ܄ʂബшʦߟɫɳƆॴߞҏظޔʃࠞɿ˜Ɵ˱ʯؙॅʂࣛޔɼۿਙ˜Ɵ˱ʯബԀ
ظޔɻظޔɩʠʟ (3.5ঐ)ɳʕƅɧʠʝʂظޔߗԝӍ܄ʖߟɫɳƆүظޔߗԝʂӍ܄ʃMul., FFT
ɻߟɩʠɺɘʟƆ
य 4.3: ظޔ˂˲ॅɿʜʟ 4ߘʂ˲˺ʹʶˊˆ൚ظޔ௅ʂॴߞҏظޔߗԝʂӍ܄ʂബш. Mul,FFT
ʃ˜Ɵ˱ʯؙॅʂࣛޔƅۿਙ˜Ɵ˱ʯബԀظޔʦߟɭƆOthersɿʃ LLGظޔƅڱԀߞҏظޔɠԥ
ʒʠʟ.
ॴߞҏظޔʂӍ܄ʃظޔ˂˲ॅɠਊюɭʟɿɸʠɺਊюɭʟƆʒɳƅॴߞҏظޔʂયɻʖࣛޔೱ
ʂӍ܄ʃٹࢢɭʟʂɿ਻ɫɺƅFFTظޔʂӍ܄ʃਊюɭʟƆɧɧɻƅظޔя௾ɾ˂˲ॅʃGPUʂ
˨˩˱ʼʫˁɻक़ځɩʠ 1024×1024ɠ݂੒ (˨˩˱ 1GBʂࣟ܄)ɻɖʟɳʕƅयɻʃ 1048576˂˲
ʒɻߟɫɳƆ˂˲ॅɠ 1024×1024ʂɼɡƅॴߞҏظޔʂӍ܄ʃช 90%ɿ੬ɭʟƆɫɳɠɷɺƅॴ
ߞҏظޔʦۿਙшɭʟɧɼɠ˥ʫʶ˴˥ʷ˔ˍʪˊ ʶʾ˦ˬ˳Ɵʾˮ˺ুਹʂۿਙшɿɸɾɠʟɧ
ɼɠʣɟɷɳƆ
28 ੓ 4ࣂ GPUʦๆɘɳ˥ʫʶ˴˥ʷ˔ˍʪˊ ʶʾ˦ˬ˳Ɵʾˮ˺ʂۿਙш
ඕ٥֋ɻʃƅCPUɼGPUʦๆɘɳظޔ൘൚ɼɫɺ 2ࠦຳʂ൘൚ʦଚΕɭʟƆ˲˺ʹʶˊˆ൚ظ
ޔʂɭʍɺɻGPUʦๆɘʟ൘൚ɼƅ˲˺ʹʶˊˆ൚ظޔ௅ɻظޔߗԝʂӍ܄ɠ੒ɡɘॴߞҏظޔ
ɻGPUʦๆɘƅ਩ʂೱഇɻʃCPUʦๆɘʟ൘൚ɻɖʟƆ݂ࡾʂ൘൚ʃƅGPUɿΫࣳɭʟೱഇɠ
ਪɘɳʕ˞˴ʷ˰˧ɠ೾ށɿɾʟɠƅCPUɼGPUԝʂˎƟˆୃ਄ɠࢢɾɘɳʕۿɘۿਙш๻ɠՃ
ਿɻɡʟƆ2ɸෳʂ൘൚ɻʃƅGPUʌʂΫࣳೱഇʃ݂ࡾʂ൘൚ɼಅҼɫɺࢢɾɘƆɫɳɠɷɺƅ˞
˴ʷ˰˦˺ʷʃಅҼଯԑ੺ɻɖʟƆɫɟɫƅॴߞҏʦظޔɭʟ୞ɿˎƟˆୃ਄ɠ಩์ɼɾʟɳʕۿ
ਙш๻ʃ݂ࡾʂ൘൚ɼಅҼɫɺଊчɭʟɧɼɠา২ɩʠʟƆ
ʒɳƅظޔ३୞ɿɸɘɺʖ۪຋ɭʟ಩์ɠɖʟƆঽࡧ (2.3ঐ)ʂ૳ʞƅGPU ࣘɻʃఝ३୞ظޔ
ʃ੺३୞ظޔɼಅҼɫɺಒ࣢ɿଊਙɻɖʟƆɧɧɻƅඕ٥֋ɻʃظޔ३୞ɿԟɫɺ 3ɸʂظޔ൘൚
ʦ۪ɜɳƆʃɬʕʂ 2ɸʂ൘൚ɻʃƅ˲˺ʹʶˊˆ൚ظޔ௅ɭʍɺʦ੺३୞ʒɳʃఝ३୞ɻظޔɭ
ʟƆ3ɸෳʂ൘൚ʃظޔʂˣˏ˲˔ˊʶɻɖʟॴߞҏظޔʦ੺३୞ɻظޔɫƅ਩ʂظޔೱഇʃఝ३
୞ɻظޔɭʟƆүظޔ൘൚ɻʃƅظޔ३୞ʂβɘɿʜɷɺظޔٌїɠΪɾʟя௾ड़ɠɖʟƆʒɳƅ
ۿਙш๻ʖஔߗɿബшɭʟɼา২ɩʠʟƆ
Ιࣘʂɧɼʦ۪຋ɫƅ6ɸʂظޔ˩ˎ˲ʦଚΕɫƅۿਙш๻ƅظޔٌїʌʂظޔ३୞ʌʂϳׄɿ
ɸɘɺ૛ʍɳƆ
• Model 1: All Double
ࡓ๝ʂظޔ˩ˎ˲ɻɖʞƅɭʍɺʂظޔʦఝ३୞ɻCPUʦๆɘɺظޔɭʟƆɧʂظޔ˩ˎ˲
ɻʃGPUʦๆɘɮƅ਩ʂظޔ˩ˎ˲ɼʂظޔߗԝʂಅҼƅظޔٌїʂಅҼɿๆɘʟƆ
• Model 2: DEM Single
˲˺ʹʶˊˆ൚ظޔ௅ɻʃɭʍɺGPUʦๆɘɺظޔɭʟƆॴߞҏظޔʃ੺३୞ɻظޔɫƅ਩
ʂೱഇʃఝ३୞ɻظޔɭʟƆ
• Model 3: All Single
˲˺ʹʶˊˆ൚ظޔ௅ɻʃɭʍɺ੺३୞ɻGPUʦๆɘɺظޔɭʟƆ
• Model 4: All Single R2C
ɧʂ˩ˎ˲ʃModel 3ɼʏʐஔโɻɖʟɠƅॴߞҏظޔɻๆɘɺɘʟ FFTظޔʦ Complex
to ComplexʂظޔɟʝReal to Complexɿബۖɫɳ˩ˎ˲ɻɖʟƆReal to Complexʦๆɘ
ʟɧɼɻॴߞҏظޔɿ಩์ɾ˨˩˱ຟʦชౝഇɿ๓ɜʟɧɼɠɻɡʟƆ
• Model 5: DEM Single CPU+GPU
ॴߞҏظޔʃGPUʦๆɘɺظޔɫƅ˲˺ʹʶˊˆ൚ظޔʂ਩ʂೱഇʃCPUʦๆɘɺظޔɭ
ʟƆCPUظޔೱഇʃఝ३୞ɻظޔɫƅGPUظޔೱഇ (ॴߞҏظޔ)ʃ੺३୞ɻظޔɭʟƆ
• Model 6: All Single CPU-4th R2C
ɧʂ˩ˎ˲ʃModel 4ɼஔโɿ˲˺ʹʶˊˆ൚ظޔɭʍɺʦ੺३୞ɻظޔɫƅFFTظޔɻʃ
Real to ComplexʦๆɘɺɘʟɠƅCPUʦๆɘɺظޔɭʟƆʒɳƅඕ٥֋ɻๆɘɳ CPUʃ
4 ʺʩɻۚढ़ɩʠɺɘʟɳʕƅIntel MKLʂߢஓഝໆшʦๆɘʟɧɼɻ FFTʂۿਙшɠՃਿ
ɻɡʟƆɱɧɻƅ4 ˀ˳ˊː๭ๆɭʟɧɼɻۿਙшʦ۱ɚ (ʱ˞ʾˮ˺: -parallel)Ɔ
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4.4 ۿਙш
ɧɧɻʃGPUƅIntel MKLʂߢஓഝໆшՆ௾ɿʜʟۿਙшʂٌїɿɸɘɺ঑෗ɭʟƆ
4.4.1 ظޔߗԝ௅ฌ
य 4.4ɿ 62500˂˲ (250×250)ɿɞɥʟ˲˺ʹʶˊˆ൚ظޔ௅ʂʱʫ˰Ɵ൚ظޔ 1 ˀˍˊ˞ʂү
ظޔೱഇʂظޔߗԝ௅ฌʦߟɭƆɧɧɻʃƅAll Single R2C,All Single CPU-4th R2CΙҙʂ 4ɸʂ
˩ˎ˲ɿɸɘɺಅҼɭʟƆयયʂ FFTƅMulƅLLGƅExchangeƅData transferƅOthersʃɱʠɲ
ʠƅFFTƅ˜Ɵ˱ʯؙॅʂࣛޔƅLLGظޔƅڱԀߞҏظޔƅCPUɼGPUԝʂˎƟˆୃ਄ (DEM
Single CPU+GPUʂʓ)ʂүظޔߗԝʦ಺ɭƆ
य 4.4: 62500˂˲ (250×250)ɿɞɥʟ 4ߘʂ˲˺ʹʶˊˆ൚ظޔ௅ʂظޔߗԝ௅ฌ.
GPUʦๆɘɳظޔ˩ˎ˲ (DEM Signle, All Single)ʂظޔߗԝʃࡓ๝ʂظޔ˩ˎ˲ (All Double)
ʂช 1/15ɻɖʟƆʒɳƅүظޔೱഇʂۿਙш๻ʃFFT: 18ఝƅMul: 30ఝƅLLG: 10ఝƅExchange:
7ఝɼɾɷɺɘʟƆ˜Ɵ˱ʯؙॅࣛޔೱʂۿਙш๻ɠ਩ɼಅҼɫɺۿɘʂʃƅɧʂظޔೱഇʃ੺ࡸ
ɾజໆʂࣛޔʒɳʃюޔɻɖʞƅGPUʂʜɚɾਪॅʂظޔʺʩʦߖɸظޔՆɠணΤɼɭʟɳʕɻ
ɖʟƆɫɟɫƅFFTɼ LLGظޔʃಅҼଯ೾ށɻɖʟƆɫɳɠɷɺƅɧʠʝʂۿਙш๻ʃ˜Ɵ˱ʯ
ؙॅʂࣛޔɼಅҼɭʟɼଊɘƆʒɳƅڱԀߞҏظޔʂۿਙш๻ʃ݂ʖଊɘƆɧʠʃְҏِࣥʂࡽ๲
ʂɳʕɿƅ˨˩˱ʩʶ˂ˀɠ೾ށɿɾʟɳʕɻɖʟƆFFTʂظޔʃ˲˺ʹʶˊˆ൚ظޔুਹʂช
70%ɻɖʞƅɧʂ FFTظޔʃCUDA SDKʂCUFFT˰ʫ˝˰˱ɿԥʒʠʟ FFT ˲Ɵˈ˺ʦڅʧ
ɻɘʟƆɫɳɠɷɺƅʖɫ FFTظޔೱΙҙʦ݂଱шɭʟɧɼɻɩʝɿۿਙшɻɡɳɼɫɺʖুظ
ޔߗԝʃ FFTظޔɻ๓ɜʝʠ੒ɡɣബшɫɾɘƆ
ALL Singleʂظޔߗԝʃ DEM SingleɼʏʐஔɬɻɖʟƆॴߞҏظޔʦ࢑ɣظޔೱഇʃ˲˺ʹ
ʶˊˆ൚ظޔুਹʂช 20%ଟ୞ɻɖʟƆɫɳɠɷɺƅظޔ३୞ɿʜʟظޔߗԝʂബшʃ˲˺ʹʶˊ
ˆ൚ظޔুਹɟʝ٪ʟɼಒ࣢ɿࢡɩɘƆ
30 ੓ 4ࣂ GPUʦๆɘɳ˥ʫʶ˴˥ʷ˔ˍʪˊ ʶʾ˦ˬ˳Ɵʾˮ˺ʂۿਙш
DEM Single CPU+GPUʂۿਙш๻ʃช 6ఝɻɖʟƆɧʂظޔ˩ˎ˲ɻʃƅFFTɼMulʃGPU
ɻظޔɫɺɘʟɳʕƅɧʠʝʂظޔߗԝʃAll SingleƅDEM SingleʂٌїɼஔɬɿɾʟƆɫɟɫƅ
CPUƅGPUԝʂˎƟˆୃ਄ɿ˲˺ʹʶˊˆ൚ظޔুਹʂ 18%ʂظޔߗԝɠ಩์ɼɾʟƆʒɳƅLLG
ʂظޔߗԝʃAll DoubleɼDEM Single CPU+GPUɻஔɬٌїɼɾʟɼา২ɩʠʟɠƅAll Double
ʂظޔߗԝʂ 2ఝʂظޔߗԝɼɾɷɺɘʟƆɧʠʃƅɱʠɲʠʂظޔ˩ˎ˲ɻΪɾʟʺ˺˘ʫ˰ʦ
ๆɘɺɘʟɳʕɻɖʞƅ݂଱шɠʺ˺˘ʫ˰ɿʜɷɺΪɾʟɳʕɻɖʟƆ
4.4.2 ۿਙш๻: GeForce GTX 285
य 4.5ɿظޔ˂˲ॅɿʜʟүظޔ˩ˎ˲ʂ All Double ɟʝʂۿਙш๻ʦߟɭƆ
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य 4.5: ظޔ˂˲ॅɼظޔ˩ˎ˲ɿʜʟۿਙш๻ʂബш.
݂੒ۿਙш๻ʃAll Single R2Cɻظޔ˂˲ɠ 1024×1024ʂɼɡช 24ఝɻɖʟƆɭʍɺʂظޔ˩
ˎ˲ɻۿਙш๻ʃظޔ˂˲ॅɼɼʖɿਊюɭʟƆɫɟɫƅۿਙш๻ʃ 65536˂˲ɟʝʏʐλ଑ʂખ
ɿ๣ɵમɣƆʒɳƅAll Single R2Cɻʃ 262144˂˲ɻʏʐλ଑ɿɾʟƆ
λ౫ɿƅਪɣʂʺʩʦߖɸഝໆظޔՆɻʃഝໆظޔʦҔިɭʟɳʕɿʱƟ˗Ɵ˟ˊːɠɟɟʟƆ
ʱƟ˗Ɵ˟ˊːʃظޔ˂˲ॅɿ਻ɫɺʏʐλ଑ɻɖʟɼ۪ɜʝʠʟɳʕƅظޔຟɠਪɣɾʟɼʱƟ
˗Ɵ˟ˊːʂুਹʂظޔߗԝɿঙʕʟӍ܄ʃٹࢢɭʟƆɫɳɠɷɺƅظޔ˂˲ॅɠਪɣɾʟɼʱƟ
˗Ɵ˟ˊːʂڹїʃ෌߄ɻɡʟʜɚɿɾʞƅۿਙш๻ɠλ଑ɿɾʟʂʃɧʂɳʕɻɖʟɼ۪ɜʝʠ
ʟƆAll Single R2Cʂࣟ܄ƅAll SingleɼಅҼɫɺ FFTظޔೱɻʱƟ˗Ɵ˟ˊːʂຟɠౝഇɿɾʟ
ɳʕƅ2ఝʂظޔ୅ॅΙࣘɻۿਙш๻ɠλ଑ɿɾɷɳɼ۪ɜʝʠʟƆ
ʴ˪ˊ ʾˬ˨˩˱
ظޔ˂˲ɠࢢɾɘࣟ܄ɿۿਙш๻ɠଊɘ๲ศɼɫɺƅʴ˪ˊ ʾˬ˨˩˱ʂϳׄɠ۪ɜʝʠʟƆʴ˪ˊ
ʾˬ˨˩˱ʂϳׄɿʜɷɺ CPUʦๆɘɳظޔɻʃظޔ˂˲ɠࢢɾɘࣟ܄ɿʃظޔߗԝɠ઄ࡡɩʠ
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ɺɘʟя௾ड़ɠɖʟƆय 4.6ɿظޔ˂˲ॅɿʜʟ˲˺ʹʶˊˆ൚ুظޔߗԝɼ˨˩˱ޡๆຟʂബш
ʦߟɭƆʒɳƅޡๆɫɳ CPU(Core i7 920)ʂ L3ʴ˪ˊ ʾˬʼʫˁ (8 MB)ʦఌভɻߟɫɳƆ
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य 4.6: ظޔ˂˲ॅɿʜʟ˨˩˱ࢶಐຟɼুظޔߗԝʂബш. ఌভʃʴ˪ˊ ʾˬ˨˩˱ʂʼʫˁ.
ظޔ˂˲ॅɼ˨˩˱ࢶಐຟʦಅҼɭʟɼƅ4096˂˲ (64×64)Ιчɻʃظޔɿ಩์ɾɭʍɺʂˎƟ
ˆʃʴ˪ˊ ʾˬ˨˩˱ɿҳ௽ɻɡɺɘʟɧɼɠʣɟʟƆɫɟɫƅظޔߗԝʃʴ˪ˊ ʾˬ˨˩˱ɿԥ
ʒʠʟƅԥʒʠɾɘɿԟʣʝɮ૥ভଯɿബшɫɺɘʟƆʒɳƅۿਙш๻ʃ 65536˂˲ɟʝۿਙш๻
ɠλ଑ɿɾɷɺɘʟʂɿ਻ɫɺƅʴ˪ˊ ʾˬ˨˩˱ʂڹїɻʃ 4096˂˲ɻظޔਙ୞ɠബшɭʟɼา
ਗɩʠʟɳʕƅظޔ˂˲ॅɠλઠɫɾɘƆɫɳɠɷɺƅۿਙш๻ɿ਻ɭʟCPUʂʴ˪ˊ ʾˬ˨˩˱
ʂڹїʃಒ࣢ɿࢡɩɘƆ
FFT˲Ɵˈ˺
य 4.5ʜʞƅDEM Singleʂۿਙш๻ʃAll SingleɼʏɼʧɽஔɬɻɖʟɧɼɠʣɟɷɳƆظޔ˂
˲ॅɠٹࢢɭʟɼॴߞҏظޔΙҙʂظޔߗԝʂӍ܄ʃਊюɭʟɳʕƅAll Singleɼ DEM Singleʂ
ۿਙш๻ʂܴʃ੒ɡɣɾʟʃɮɻɖʟƆɫɟɫƅय 4.5ɟʝʃɧʂɧɼʃҷ௨ɻɡɾɘƆɫɳɠɷ
ɺƅظޔ˂˲ɠٹࢢɫɺʖॴߞҏظޔʂঙʕʟӍ܄ʃബшɫɺɘɾɘɼ۪ɜʝʠʟƆय 4.7ɿظޔ
˂˲ॅɿʜʟ CPUƅGPUʂ FFTظޔߗԝʂബшʦߟɭƆ
CPUɻʃ Intel MKLʂ FFT˲Ɵˈ˺ƅGPUɻʃCUDA SDKʂCUFFTʦๆɘɺɘʟƆCPU
ʂ FFTظޔߗԝʃ૥ভଯɿബшɫɺɘʟʂɿ਻ɫɺƅGPUʂ FFTظޔߗԝʂؚɡʃ 65536˂˲
ɻബшɫɺɘʟƆɫɳɠɷɺƅظޔ˂˲ɠࢢɾɘࣟ܄ɻʖॴߞҏظޔʂظޔߗԝʃ੒ɡɣٹࢢɯɮƅ
DEM SingleɼAll Singleʂۿਙш๻ʃʏɼʧɽஔɬɿɾʟƆ
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य 4.7: ظޔ˂˲ॅɿʜʟ CPU,GPUʂ FFTظޔߗԝʂബш.
4.4.3 ۿਙш๻: GeForce GTX 580
ඕ٥֋ʦިʕɳ୻ࡾ (2009௰)ʃƅGeForce GTX 285ɠ݂ईʂGPUɻɖɷɳɠƅټݚʃۖɿظ
ޔ௾ຢʂۿɘGPUɠ౎಺ɩʠɺɘʟƆஔߗɿƅGPU˞˴ʷ˰˧Ҕ౎ɿ๭ๆɩʠʟCUDA SDKʖ
ʩˊ˞ˎƟˏɩʠɺɘʟƆCUDA SDKʂʩˊ˞ˎƟˏɻʃƅ݂ईGPUʂʼˤƟˏƅ೾ॅʲƟ˔˲
ʂஔߗ߹۱ɾɽʂGPUड़௾ʂยڹ๭ๆƅCUFFTʘ۱ໆظޔʦԥʔޔࡦЖޔ௾ຢڽࣘɠ۱ʣʠɳƆ
ඕࣂɻʃƅ2010௰ɿ౎಺ɩʠɳGeForce GTX 580ʦๆɘɺ҉ʕɺۿਙш๻ʦֆʕɳƆGPU˞˴
ʷ˰˧ʂҔ౎ɿʃCUDA SDK 5.0ʦๆɘɳƆय 4.8ɿGeForce GTX 580ʦๆɘɳࣟ܄ʂۿਙш๻
ʦߟɭƆCPU˞˴ʷ˰˧ʂظޔٌїʃय 4.5ʂٌїɼஔโʂʖʂʦๆɘɺɘʟƆɳɴɫƅGeForce
GTX 580ɻʃ˨˩˱ຟɠਊюɫɺɘʟɳʕƅ2048×2048୅ʒɻظޔʦ۱ɷɳƆ
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य 4.8: ظޔ˂˲ॅɿʜʟۿਙш๻ʂബш (GeForce GTX580).
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GeForce GTX 580ʦๆɘʟɧɼɻAll Single R2Cʦๆɘʟɼ݂੒ɻ 172ఝʂۿਙшɠя௾ɻɖ
ʟɧɼɠߟɩʠɳƆʒɳƅDEM SingleɼAll Single R2Cʂܴʃ 1.6ఝଟ୞ɻɖʞƅGeForce GTX
285ʦๆɘɳٌїɼʏʐλઠɫɳƆλ൘ɻƅCPUɼGPUʦ৕ʓ܄ʣɯɳDEM Sigle GPU+CPU
ʃ݂੒ɻʖ 8ఝଟ୞ɼʏɼʧɽٌїʃɟʣʝɾɘƆɧʠʃරɴɿ CPUɼ GPUɻ૳ࣿɿӆɟʟߗ
ԝɠˣˏ˲˔ˊʶɼɾɷɺɘʟɳʕɼ۪ɜʝʠʟƆ
4.5 ظޔ३୞ɿʜʟظޔٌїʌʂϳׄ
ඕࣂɻʃƅظޔ३୞ɿʜʟظޔٌїʌʂϳׄɿɸɘɺ঑෗ɭʟƆঽࡧ (2.3ঐ)ʂ૳ʞGPUʦๆɘ
ɳʾ˦ˬ˳Ɵʾˮ˺ʂۿਙшɻʃ੺३୞ظޔʦๆɘɾɥʠʄɾʝɾɘɳʕƅɭʍɺఝ३୞ظޔʦๆ
ɘɳࣟ܄ɼಅҼɫɺظޔٌїɠ੒ɡɣΪɾʟя௾ड़ɠɖʟƆ੺३୞ɼఝ३୞ʂยڹنॅʃ IEEE754
಺ټɻ 10छॅ 7نɼ 15نɻɖʟ [66]Ɔڍɿƅ1୞ʂظޔɻ੺३୞ɼఝ३୞ɻʃ৷਻ڬܴɠ 10−7ɼ
ɾʟƆɧɧɻƅ৷਻ڬܴʃఝ३୞ظޔʂٌїʦऐખɼɭʟƆɧʂڬܴʃظޔʦ،ʞറɭɳʇɿનঀ
ɩʠƅʾ˦ˬ˳Ɵʾˮ˺ٌїɠബшɫɺɫʒɚя௾ड़ɠɖʟƆɧɧɻʃƅʒɮʃɬʕɿʱʫ˰Ɵظ
ޔ 1ˀˍˊ˞ʂظޔɻٌїɿɽʂଟ୞ϳׄɠɖʟʂ૛ʍɳƆ
4.5.1 ʱʫ˰Ɵظޔ 1ˀˍˊ˞ɿɞɥʟϳׄ
ظޔٌїʌʂϳׄʦ૛ʍʟɳʕɿƅॴߞҏɼߞՉ˩Ɵ˨˺ˏʂڽɡʂڬܴʦʱʫ˰Ɵظޔ 1ˀˍˊ
˞ڤɻಅҼɫɳƆॴߞҏʃAll DoubleʦๆɘɺணʝʠɳஔɬߞшۚਏɟʝظޔɫɳƆٌїƅ݂੒৷
਻ڬܴʃ 10−7ɻɖɷɳƆߘɿƅʱʫ˰Ɵظޔ 1ˀˍˊ˞ʂ LLGظޔڤʂߞՉ˩Ɵ˨˺ˏʂڽɡʦ
ظޔɫɳƆࡾՃʂߞՉۚਏʃॴߞҏʂظޔɼஔโɻɖʟƆɧɧɻʃƅDEM SingleƅAll SingleƅAll
Doubleʂ 3ɸʂظޔ˩ˎ˲ʦๆɘɺಅҼɫɳƆʒɳƅ˂˲ʼʫˁʖظޔٌїɿϳׄʦิɜʟɼ۪ɜ
ʝʠʟɳʕƅ˂˲ʼʫˁʃ 2Ƥ5 nmɻബшɩɯɳƆय 4.9,4.10ɿ˂˲ʼʫˁɿʜʟ݂੒ƅചה৷਻
ڬܴʦߟɭƆ
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य 4.9: ˂˲ʼʫˁ,ظޔ˩ˎ˲ɿʜʟചה৷਻ڬܴʂബш.
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DEM Singleʂചה৷਻ڬܴʃช 10−10ɻɖʞƅAll Singleɻʃ 2× 10−8ɻɖʟƆDEM Singleɻ
ʃചה৷਻ڬܴʂചהʃAll SingleʂചהʜʞʖࢡɩɘƆʒɳƅAll SingleɼAll Doubleʂ৷਻ڬ
ܴʃ IEEE754಺ټʂยڹنॅʂܴɼʏʐλઠɫɺɘʟƆ
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य 4.10: ˂˲ʼʫˁ,ظޔ˩ˎ˲ɿʜʟ݂੒৷਻ڬܴʂബш.
DEM Singleʂ݂੒৷਻ڬܴʃช 10−4ɻɖʞƅAll Singleɻʃช 5× 10−3ɻɖɷɳƆΙࣘʂɧɼ
ɟʝƅ˂˲ʼʫˁʂ৷਻ڬܴɿ਻ɭʟϳׄʃࢡɩɘƆ
ߘɿƅ߹ڹߞҏયʂॴߞҏʂঙʕʟӍ܄ɼƅߞՉ˩Ɵ˨˺ˏʂظޔٌїʌʂϳׄɿɸɘɺ૛ʍɳƆ
य 4.11ɿˎʪˀʶ௅ೱʂ߹ڹߞҏયʂॴߞҏɠঙʕʟӍ܄ʦߟɭƆ
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य 4.11: ߹ڹߞҏયʂॴߞҏɠঙʕʟӍ܄.
ॴߞҏʂӍ܄ʃˎʪˀʶЌ࠵ೱɿפɹɣɿɸʠɺ੒ɡɣɾʟƆय 4.12ɿˎʪˀʶ௅ೱʂߞՉ˩Ɵ
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य 4.12: ˎʪˀʶ௅ೱʂߞՉ˩Ɵ˨˺ˏʂ৷਻ڬܴ (DEM Single).
य 4.11,4.12ɟʝƅߞՉ˩Ɵ˨˺ˏʂ৷਻ڬܴʃ߹ڹߞҏɻॴߞҏɠঙʕʟӍ܄ɠ੒ɡɣɾʟɼ
ਊюɭʟɧɼɠҷ௨ɻɡʟƆ
DEM SingleʃAll Singleʂ৷਻ڬܴʜʞࢡɩɣƅAll SingleɼDEM Singleʂۿਙш๻ʃʏɼʧ
ɽஔɬ (4.4.2ঐ)ɻɖʟƆɫɳɠɷɺƅɧɧɟʝগʃDEM Singleʦๆɘɺظޔٌїʌʂϳׄɿɸɘ
ɺ૛ʍɳƆਞɘɺƅظޔ३୞ʂظޔٌїʌʂϳׄɿɸɘɺ૛ʍʟƆ˥ʫʶ˴˥ʷ˔ˍʪˊ ʶʾ˦ˬ
˳Ɵʾˮ˺ʃ੒ɡɣഇɥɺॴଯƅஓଯظޔʂ 2ɸʂࠦຳɿഇɥʟɧɼɠɻɡʟƆॴଯظޔɻʃƅʯ
˔˲ʵƟ݂ࢡࣨੁʦֆʕʟƆɫɳɠɷɺƅʯ˔˲ʵƟ݂ࢡࣨੁɠɘɣɸɟਣݚɭʟࣟ܄ƅظޔ३୞
ʂϳׄɻΪɾʟߞшۚਏɠணʝʠʟя௾ड़ɠɖʟƆɫɟɫƅֆʕʝʠɳߞшۚਏɠஔɬɻɖʠʄƅ
ߞՉ˩Ɵ˨˺ˏʂܴʃఝ३୞ɼ੺३୞ʂยڹنॅଟ୞ʂܴɠټʠƅٌїɼɫɺ৷਻ڬܴʃ 10−7ɿ
ɾʟɧɼɠา২ɩʠʟƆλ൘ɻƅஓଯظޔɻʃظޔˀˍˊ˞ඡɿ৷਻ڬܴɠનঀɫƅߞՉ˩Ɵ˨˺
ˏʂஓଯѬଟɠബшɭʟя௾ड़ɠɖʟƆɱɧɻƅඕ٥֋ɻʃɧʠʝʦഇɥɺ٠࣍ɭʟƆ
4.5.2 ॴଯظޔ
ظޔ३୞ʂظޔٌїʌʂϳׄʦ૛ʍʟɳʕɿƅүظޔ˩ˎ˲ɻʂޝຄˏ˲ʶʦ૛ʍɳƆय 4.13ɿ
DEM SingleƅAll Doubleʂޝຄˏ˲ʶʂߗԝബшʦߟɭƆ
ɽɵʝʂظޔ˩ˎ˲ɻʖޝຄˏ˲ʶʃߗԝɠɳɸɿɸʠɺٹࢢɭʟɠƅԤʕڬܴɿʜɷɺλ଑
ʂખɿפɹɣƆˏ˲ʶʃAll Doubleɻʃ 105ɟʝ 10−9ʒɻٹࢢɫɺɘʟƆɫɳɠɷɺƅٹࢢ๻ʃ
10−14ɼɾʟƆʒɳƅDEM Singleɻʃƅ10−1ʒɻٹࢢɫɺɘʟƆɫɳɠɷɺƅٹࢢ๻ʃ 10−6ɻɖ
ʟƆɧʠʝʂٌїɟʝƅү˩ˎ˲ʂࡾՃɼ݂࠿ଯɾޝຄˏ˲ʶʂܴʃ੺३୞ɼఝ३୞ʂยڹنɼஔ
ଟ୞ɻɖʟƆʒɳƅ݂࠿ଯɾߞՉ˩Ɵ˨˺ˏʂ݂੒ƅചה৷਻ڬܴʃɱʠɲʠ 8× 10−4ɼ 3× 10−5
ɻɖɷɳƆ
Ιࣘʂɧɼɟʝॴଯظޔɻʃظޔ३୞ɿԟؙɾɣஔɬޝຄߞшۚਏɠணʝʠɺɘʟɳʕƅ߹ๆࣘ
෻੕ɾɘଟ୞ʂڬܴɻɖʟɼʣɟɷɳƆɫɟɫƅޝຄˏ˲ʶɠAll DoubleʂٌїɼಅҼɫɺޝɷɺ
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य 4.13: ޝຄˏ˲ʶʂߗԝബш.
ɫʒɚɳʕƅ।ҷɾ࠴ਖࣨੁʦ಩์ɼɭʟظޔɻʃఝ३୞ظޔʦๆɘʟ಩์ɠɖʟƆ
4.5.3 ஓଯظޔ
ஓଯظޔɻʃƅɩʝɿϟʺʩ౞ୃʂย෌ɻظޔ३୞ɿʜʟظޔٌїʌʂϳׄʂ٠࣍ʦ۱ɚƆɧɧ
ɻʃƅAC୊ກɿʜʟߞՉϟʂ֩इϬஓʦๆɘɳϟʺʩʂѾୃϬஓƉ౞ୃʂʾ˦ˬ˳Ɵʾˮ˺ɿɸ
ɘɺظޔʦ۱ɚƆ
ϟʺʩɠ౞ୃɫɾɘࣟ܄ƅϟʺʩʃλ଑ʂѾୃౝأʦസɷɳʒʒѾୃϬஓ (଑࣢ѾୃϬஓ)ɭʟƆ
λ൘ɻƅϟʺʩɠ౞ୃɭʟࣟ܄ʃƅ౞ୃ૥ڤɿਪɣʂˀ˛˺ఉɠࡥټɫƅɱʠʝɠڞɘɿ࣊ரɫ܄
ɚ [12]Ɔɫɳɠɷɺƅϟʺʩɠ౞ୃɭʟࣟ܄ʂظޔʃϟʺʩɠ౞ୃɫɾɘࣟ܄ɼಅҼɫɺ೾ށɿɾ
ʞƅ৷਻ڬܴɠ੒ɡɣɾʟɼา২ɩʠʟƆ
଑࣢ѾୃϬஓ
य 4.14ɿϟʺʩʂѾୃౝأʂߗԝബшʦߟɭƆDifferenceʃƅAll DoubleɼDEM Singleɿʜʟ
ѾୃౝأʂظޔٌїʂܴʂߗԝബшʦߟɫɳʖʂɻɖʟƆ
ɧɧɻʃƅAC୊ກʂ୊ກව୞ʃ u=5 m/s (j = 1.0× 1011 A/m2)ƅ࠵ఉॅʃ 315 MHz(֩इ࠵ఉ
ॅ)ɼɫɺظޔʦ۱ɷɳƆϟʺʩʂѾୃౝأʃ଑࣢ࣨੁɻช 58 nmɻƅظޔ˩ˎ˲ɿʜʟܴʃ݂੒
ɻช 0.005 nmɻɖʟɳʕƅ৷਻ڬܴʃ 10−4ଟ୞ɻɖʟƆ֩इ࠵ఉॅɻʃϟʺʩʂѾୃౝأʃ݂੒
ɼɾʟɳʕƅ݂੒ܴɠஔɬɻɖʠʄAC୊ກʂ࠵ఉॅʦബшɩɯɳࣟ܄ɿڬܴɠਊюɭʟя௾ड़ɠ
ɖʟƆɱɧɻƅAC୊ກʂ࠵ఉॅʦബɜɺஔโʂظޔʦ۱ɷɳƆय 4.15ɿAC୊ກʂ࠵ఉॅɿʜʟ
݂੒৷਻ڬܴʂബшʦߟɭƆ
݂੒৷਻ڬܴʃAC୊ກʂ࠵ఉॅɻʃ੒ɡɣബшɫɾɘɧɼɠഇɟʟƆ݂੒ɻʖ݂੒৷਻ڬܴʃ
10−3 ଟ୞ɻɖʟƆɧʂࣟ܄ʂ৷਻ڬܴʃॴଯظޔߗʜʞʖ੒ɡɣɾʟɠƅڬܴʃʒɴࢡɩɘɼɘ
ɜʟƆ
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य 4.14: Ѿୃౝأɼүظޔ˩ˎ˲ɟʝֆʕʝʠɳѾୃౝأʂܴʂߗԝബш (u = 5 m/s, f = 315 MHz).
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य 4.15: AC୊ກʂ࠵ఉॅɿʜʟ݂੒৷਻ڬܴʂബш (u = 5 m/s).
౞ୃʦԥʔϟʺʩʂѾୃϬஓ
AC୊ກʂ୊ກව୞ʦࣘࢭɩɯƅϟʺʩʂ౞ୃʾ˦ˬ˳Ɵʾˮ˺ʦ۱ɷɳƆɧɧɻʃƅ୊ກව୞
ʦ u=25 m/s (j = 5.0× 1011 A/m2)ƅAC୊ກʂ࠵ఉॅʦ 306 MHzɼɫɺظޔʦ۱ɷɳƆय 4.16
ɿϟʺʩʂѾୃౝأʂߗԝബшʦߟɭƆ
ϟʺʩʃ،ʞറɫ౞ୃʦ۱ɘƅѾୃౝأʃϟʺʩʂ౞ୃɼɼʖɿփلɿٹࢢɭʟ [15]Ɔ݂ࡾʂ౞
ୃɻʃɽɵʝʂظޔ˩ˎ˲ɻʖʏʐஔɬߗ܌ɿ౞ୃɫɺɘʟɧɼɠҷ௨ɻɡʟƆɫɟɫƅɱʂڤʂ
౞ୃɻʃƅ౞ୃߗ܌ʃλઠɫɾɘƆঽࡧʂʜɚɿ౞ୃ૥ڤʃˀ˛˺ఉɠ౎१ɫƅڞɘɿ࣊ரɫࢶෞ
ɭʟƆɧʂˀ˛˺ఉʂϬஓɿʜɷɺ౞ୃߗ܌ɠബшɭʟƆˀ˛˺ఉʂ࣊ரɼࢶෞʃ˰˺ˇ˧Ѭଟʂ
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य 4.16: Ѿୃౝأʂߗԝബш (u = 25 m/s, f = 306 MHz.)
ʜɚɻɖʞƅ౞ୃߗ܌ʃ˰˺ˇ˧ɿബшɫɺɘʟɼ۪ɜʝʠʟƆɫɟɫƅ౞ୃߗԝʃ୊ກව୞ɿΜ
ਣɫɺɘʟɼา২ɩʠƅചה౞ୃߗԝʃڃƜʂ౞ୃߗ܌ɠΪɾɷɺʖλ଑ʂખɿפɹɣɼ۪ɜʝʠ
ʟƆɱɧɻƅʾ˦ˬ˳Ɵʾˮ˺ߗԝʦ 1 µsʒɻБૠɫƅചה౞ୃߗԝʦظޔɫɳƆय 4.17ɿ֩इ
࠵ఉॅ೒פɻʂചה౞ୃߗԝʂബшʦߟɭƆ
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य 4.17: AC୊ກʂ࠵ఉॅɿʜʟചה౞ୃߗԝʂബш (u = 25 m/s).
ٌїɼɫɺƅ৷਻ڬܴʃช 0.04ɼظޔɩʠɳƆɧʂٌїɟʝƅˀ˛˺ఉʂ࣊ரɼࢶෞʦ،ʞറɭ
ʜɚɾ೾ށɾߞՉ˩Ɵ˨˺ˏʂஓଯظޔɻʖ৷਻ڬܴʃࡒഇɿࢡɩɘɼٿɜʟƆ
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4.6 ʒɼʕ
ඕࣂɻʃƅGPUɿʜʟ˥ʫʶ˴˥ʷ˔ˍʪˊ ʶʾ˦ˬ˳Ɵʾˮ˺ʂۿਙшɿɸɘɺࡧʍɳƆGPU
ʦ๭ๆɭʟɧɼɻࡓ๝ʂ CPUʦๆɘɳظޔ˩ˎ˲ɟʝ݂੒ɻ 172ఝʂۿਙш๻ɠணʝʠɳƆɫɟ
ɫƅGPUʂड़௾ʦࡒഇɿωɡࡥɭɳʕɿ੺३୞ظޔʦๆɘʟ಩์ɠɖʞƅۿਙшɼஔߗɿظޔ३
୞ɿʜʟظޔٌїʌʂϳׄɿɸɘɺʖ٠࣍ɫɳƆɧʂ٠࣍ɿʃƅAC୊ກɿʜʟߞՉϟʂ֩इϬஓ
ʦๆɘɳϟʺʩʂѾୃƉ౞ୃʾ˦ˬ˳Ɵʾˮ˺ʦๆɘɳƆॴଯظޔɻఝ३୞ظޔʦๆɘɳٌїʦԷ
ࡵɼɫɳ৷਻ڬܴʃ 10−6ɼɾʞƅஓଯظޔɻʖ 0.04ɼɾɷɳƆɧʂڬܴʃ߹ๆࣘࡒഇɿࢡɩɘɼ
۪ɜʝʠʟƆ
ඕ٥֋ɻʃƅظޔ३୞ʂظޔٌїʌʂϳׄʂ٠࣍ɼɫɺ Permalloyݛʦๆɘɳϟۚਏʂʓʦๆɘ
ɳƆɫɳɠɷɺƅآࣨƅߞшۚਏɠΪɾʠʄڬɷɳظޔٌїɠணʝʠʟя௾ड़ɠɖʞƅظޔ३୞ʂظ
ޔٌїʌʂϳׄʂ٠࣍ɠईɳɿ಩์ɼɾʟƆɫɟɫƅPermalloyݛʃλ߫ߞՉΪ൘ड़ɠɾɣ (Ku=0)ƅ
ߞՉΪ൘ड़ʦߖɸ˖ƟːݛດɼಅҼɫɺ߹ڹߞҏયʂॴߞҏɠঙʕʟӍ܄ʃ੒ɡɣɾʟƆɫɳɠɷ
ɺƅඕ٥֋ɻʃظޔ३୞ʂϳׄɠٱુɿټʠɺɘʟɼ۪ɜʝʠƅߞՉՒ໰ɾɽʂ˖Ɵːݛດʦๆɘ
ɳʾ˦ˬ˳Ɵʾˮ˺ɻʃɩʝɿظޔ३୞ʂظޔٌїʌʂϳׄʃࢡɩɣɾʟɼา২ɩʠʟƆ
݂ईʂGPUɻʃఝ३୞ظޔਙ୞ɠ҉াɩʠɸɸɖʟɠƅGPUʂʷ˴Ɵ˗˲˨˩˱ʃچ଑ɩʠɺ
ɞʞƅ˭ƟʽƟɠ฻ຟʦਊюɩɯʟɧɼɠࡥ๝ɾɘɳʕɿƅظޔມηɠ੒ɡɘࣟ܄ɿʃ˨˩˱ࢶಐ
ຟʂԘ୅ɟʝ੺३୞ظޔʦๆɘʟɧɼɠ಩์ɿɾʟࣟ܄ʖɖʟƆɫɳɠɷɺƅظޔਙ୞ɠ҉াɩʠ
ɳɼɫɺʖظޔມηɿʜɷɺʃ੺३୞ظޔɠ಩์ɻɖʟƆʒɳƅټࣨɻʖఝ३୞ظޔਙ୞ʃ੺३୞
ظޔਙ୞ɼಅҼɫɺઢɣƅظޔߗԝɠ෻੕ɼɾʟʾ˦ˬ˳Ɵʾˮ˺ɻʃظޔߗԝ઄ࡡʂɳʕɿʖ੺
३୞ظޔʦๆɘʟɧɼɠ಩์ɻɖʟƆ
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ټݚˀ˛˺୊ກʦๆɘɳߞՉϟʂ৭ݩʃ२ʧɿ٥֋ɠ۱ɾʣʠɺɘʟƆɫɟɫˀ˛˺୊ກɠɸɣ
ʞࡥɭ୊ກߞҏɿʜʟϟʺʩʂϬஓʌʂϳׄɠ੒ɡɘɼʂൎ܍ʖ۱ɾʣʠɺɘʟ [52]Ɔˀ˛˺ˏ˲
ʶʃ୊ກව୞ʂʓɻى଑ɩʠʟຟɻɖʟɠƅ୊ກߞҏʃ୊ກຟɻബшɭʟɳʕɿƅߞՉˎʪˀʶʂ
ʼʫˁɿʜɷɺബшɭʟƆλ౫ଯɿ˨˩˱୾ʂˎ˗ʫˀɻʃƅࡍঀ୞ʦࣘɦʟɳʕɿ৔ޫʂಘݔш
ɠ۱ɾʣʠʟƆ୊ກຟʃ৔ޫʂಘݔшɼ֩ɿٹࢢɭʟɳʕɿƅʖɫˀ˛˺୊ກʦๆɘɳˎ˗ʫˀɿ
ɞɘɺ୊ກߞҏڹїɠ੒ɡɥʠʄƅɱʂˎ˗ʫˀʃ৔ޫʂಘݔшɿ਻Ыࡥ๝ɾɘƆɧʂɳʕˀ˛˺
୊ກɿʜʟߞՉϟ৭ݩʦҷ๼ɭʟɳʕɿʃƅ୊ກߞҏʂڹїʦ࣏ݔɿѽॾɭʟ಩์ɠɖʟƆߞՉˎʪ
ˀʶ௅ɿݩʝʠʟ୊ກߞҏʃ೾ށɿഇ೘ɫɺɘʟɳʕɿƅඕ٥֋ɻʃߞՉˎʪˀʶʦ 3ߘٴҳޫࣨ
ɿഇӍɫɳ 3ߘٴʂ˥ʫʶ˴˥ʷ˔ˍʪˊ ʶʾ˦ˬ˳Ɵʾˮ˺ʦๆɘɺɱʂѽॾʦ۱ɷɳƆ3ߘٴ˩
ˎ˲ʦๆɘɳʾ˦ˬ˳Ɵʾˮ˺ɿʃಒ࣢ɿਪɣʂظޔߗԝɠ಩์ɼɾʟƆຶɜʄ߹ٲɻๆɘʝʠʟ
ʼʫˁʂߞՉˎʪˀʶʂʾ˦ˬ˳Ɵʾˮ˺ʦ૳࣢ʂCPUɻ۱ɾɷɳࣟ܄ƅλѾʂʾ˦ˬ˳Ɵʾˮ˺
ɿ಩์ɾߗԝʃช 2 ˽ُɻɖʟƆɧʂɳʕƅ૳࣢ʂCPUʦๆɘɳʾ˦ˬ˳Ɵʾˮ˺ʃظޔߗԝʂ
෻੕ɟʝߏ߹ࣘ೑я௾ɻɖɷɳƆɧʂ෻੕ɿɸɘɺʃ 4ࣂɻGPUʦๆɘʟɧɼɻʾ˦ˬ˳Ɵʾˮ
˺ʦۿਙшя௾ɻɖʟɧɼʦߟɫɳƆඕࣂɻʃƅݩढ़ɫɳGPUʦๆɘɳ˥ʫʶ˴˥ʷ˔ˍʪˊ ʶ
ʾ˦ˬ˳Ɵʾˮ˺ʦๆɘɺƅߞՉʺʩʂϬஓɿ਻ɭʟ୊ກව୞ʘ୊ກߞҏʂڹїɿɸɘɺ૛ʍɳƆ
5.1 ߞՉˎʪˀʶયШೱɿټʠʟ୊ກߞҏ
ɧɧɻʃƅߞՉˎʪˀʶ௅ೱɿټʠʟ୊ກߞҏɿɸɘɺ঑෗ɭʟƆߞՉˎʪˀʶયШೱʂ୊ກߞ
ҏʃࠞɿߘʂ 2˽ࡿʂ୊ກව୞Ɖഇ೘ɿʜɷɺى଑ɩʠʟɼ۪ɜʝʠɺɘʟ [52]Ɔܞƅ୊ກɠ+x൘
ڽɿກʠɺɘʟࣟ܄ɿɸɘɺ۪ɜʟƆɧʂɼɡƅ୊ກʃय 5.1ɿߟɭʜɚɿܳɟʝ௡ʞߞՉˎʪˀ
ʶࣘ෣ɿ೒ਛɩʠɳ୊׎ʦɼɞʞϓɿ౓ɥɺɘɣƆ
य 5.1: ߞՉˎʪˀʶ௅ʂ୊ກʂກʠ൘.
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5.1.1 ୊׎ೱɿກʠʟ୊ກɿʜʟ୊ກߞҏ
य 5.2ɿ୊׎ೱɿກʠʟ୊ກɿʜʟ୊ກߞҏɿɸɘɺߟɭƆ
य 5.2: ୊׎ೱɿʜɷɺݩʝʠʟߞҏ.
यɿߟɩʠɺɘʟʜɚɿ୊׎ೱʂऐчɿກʠʟ୊ກɿʜɷɺƅ୊׎ɼߞՉˎʪˀʶɠঋɫɺɘʟ
ೱഇʦયअɿЌʦಾɣʜɚɿߞҏɠݩʝʠʟƆɧʠɿʜʞߞՉˎʪˀʶયअೱɻʃयʂ-y൘ڽɿߞ
ҏɠݩʝʠʟɧɼɿɾʟƆ
5.1.2 ඥڻ൘ڽʂ୊ກව୞ʂβɘɿʜʟߞҏ
ʒɳ୊׎ɠߞՉˎʪˀʶʂࣘ෣ɴɥɿ೒ਛɩʠɺɘʟɳʕƅߞՉˎʪˀʶ௅ɻʃ୊ກව୞ɠඥڻ
൘ڽɻΪɾʟɼ۪ɜʝʠƅɧʂڹїɿʜɷɺʖˎʪˀʶ௅ɿߞҏɠټʠʟɼ۪ɜʝʠʟƆय 5.3ɿ
ˎʪˀʶ௅ೱɿກʠʟ୊ກව୞ʂβɘɿʜɷɺݩʝʠʟߞҏɿɸɘɺߟɭƆ
य 5.3: ୊ກව୞ʂβɘɿʜɷɺݩʝʠʟߞҏ.
यɿߟɩʠʟʜɚɿ୊ກව୞ʃ୊׎ɠ೒ਛɩʠɺɘʟࣘ෣ɻۿɣƅч෣ɻʃଊɣɾʟƆɧʂɼɡƅ
ɧʂഫʞɟʝߞՉˎʪˀʶʂયअೱɻʃঽࡧʂڹїɼʃ౞਻ɿयʂ+y൘ڽɿߞҏɠݩʝʠʟɧɼ
ɿɾʟƆ
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ɧʠʝ 2ɸʂߞҏʃ౞਻൘ڽʦڽɘɺɘʟɳʕƅڞɘɿ৷ݿɫ܄ɚɠƅ৷ݿɩʠɮɿޝɷɳߞҏ
ɠϟʺʩʂϬஓɿϳׄʦิɜʟɼ۪ɜʝʠʟƆ
5.2 ظޔ˩ˎ˲
ഓ٤ [52]ɻʃ।൘آˎʪˀʶʦๆɘɺ୊ກߞҏʂ٠࣍ʦ۱ɷɺɘʟƆλ౫ɿƅߞՉϟʂ٥֋ɻๆ
ɘʝʠʟˎʪˀʶʃ।൘آʒɳʃЌˎʪˀʶɻɖʟƆЌˎʪˀʶʦๆɘɳࣟ܄ƅ୊ກഇ೘ɠ।൘آ
ˎʪˀʶɼಅҼɫɺʜʞ೾ށɿɾʟƆʒɳƅ୊ກഇ೘ɠ೾ށɻɖʠʄƅ୊ກഇ೘ɠݩʞࡥɭ୊ກߞ
ҏʖ೾ށɿബшɫɺɘʟɼ۪ɜʝʠʟƆɫɳɠɷɺƅЌˎʪˀʶɻʃ।൘آˎʪˀʶʦๆɘɳࣟ܄
ɼʃΪɾʟٌїɼɾʟɧɼɠา২ɩʠʟƆɱɧɻƅඕ٥֋ɻʃЌˎʪˀʶʦๆɘɺ୊ກߞҏڹїʦ
૛ʍɳƆ
ɧɧɻʃߞՉˎʪˀʶʃ૥أ 1.5 µmƅඥڻ 40 nmʂЌˎʪˀʶɼɫƅݛດ଑ॅʃ Permalloyݛ
ʂʖʂʦๆɘɳ (4.1ঐɼஔɬ)Ɔঽࡧ (2.4ঐ)ʂʜɚɿƅ୊ກߞҏʃˎʪˀʶ௅ೱɻโƜɾ൘ڽʦڽ
ɣɳʕɿƅظޔ਻࣐ʃय 5.4ɿߟɫɳʜɚɿ 3ߘٴɻ๸ޏшɫɺظޔʦ۱ɷɳƆ
य 5.4: Ќˎʪˀʶʂ๸ޏш.
1˂˲ʃ 4 × 4 × 5 nm3ʂ૥൘ਹ˂˲ɼɫɳƆ୊ກව୞ʃ u = 13.3 m/s(j = 2.66× 1011 A/m2)
ɼɫƅഇ׎๻ʃ P = 0.7 ɼɫɺظޔʦ۱ɷɳƆ֩इ࠵ఉॅʃ୊ກව୞ƅ୊ກߞҏʂϳׄɿʜɷɺബ
шɭʟɼ۪ɜʝʠʟɳʕƅ֩इ࠵ఉॅ೒פɻബшɩɯɺظޔʦ۱ɷɳƆඕ٥֋ɻʃƅ୊ກව୞ഇ೘
ɼ୊ກߞҏʂڹїʦഇɥɺ٠࣍ɭʟɳʕɿƅ୊ກව୞λโƉಒλโƅ୊ກߞҏɖʞƉɾɫʂ 4૳ʞ
ɿɸɘɺظޔʦ۱ɷɳƆ
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5.3 ୊ກව୞ɼ୊ກߞҏʂظޔ
୊ກව୞ɼ୊ກߞҏʂظޔɻʃƅ୊׎ɠݩʞࡥɭߞҏʦظޔɭʟ಩์ɠɖʟƆټ߹ʂ୊׎ʃ mm
ଟ୞ʂ੒ɡɩɻɖʟɠƅظޔʂ୙܄ࣘ୊׎ʂظޔມηʦय 5.5ɿߟɭʜɚɿˎʪˀʶʼʫˁʂఝଟ
୞ɿक़ځɫɺظޔʦ۱ɷɳƆɧɧɻʖஔโɿ 4× 4× 5 nm3ʂظޔ˂˲ɻ୊׎ʦԥʔুມηʦ๸ޏ
шɫɺɘʟƆ
य 5.5: ୊ກව୞ɼ୊ກߞҏʂظޔِࣥ.
୊ກߞҏʂظޔɻʃ୊Λʦظޔɫƅ୊Λɟʝ୊ກഇ೘ƅ୊ກഇ೘ɟʝ୊ກߞҏʦֆʕɳƆʒɮƅ
୊Λʦ୊׎ʂຑઅɻ 1, 0ɻچ଑ɫƅ୊׎ƅߞड़ਹΙҙʂೱഇɿʃ୊ກɠກʠɾɘʖʂɼɫɺƅߢศ
ְҏِࣥʦ଱ๆɫɳƆɧʂِࣥɻƅ୊Λʂ Laplace൘ଟߧ (ߧ (5.1))ʦѽɡƅ୊Λ φʦֆʕɳƆ
∂2φ
∂x2
+
∂2φ
∂y2
+
∂2φ
∂z2
= 0 (5.1)
ɧɧɻƅયअܴഇ൚ʦๆɘʟɼߧ (5.2)ʂʜɚɿɾʟƆ
φi−1,j,k − 2φi,j,k + φi+1,j,k
∆x2
+
φi,j−1,k − 2φi,j,k + φi,j+1,k
∆y2
+
φi,j,k−1 − 2φi,j,k + φi,j,k+1
∆z2
= 0 (5.2)
ߧ (5.2)ʦѽɣݘʃƅүݛດʂଘېಅ (RPy:RAu:RCr=1:0.14:0.81)ʦ۪຋ɫɺظޔɭʟɳʕƅߧ (5.3)
ʦๆɘɺظޔʦ۱ɷɳƆ
φi−1,j,k−φi,j,k
Ri−1,j,k
+ φ
i+1,j,k−φi,j,k
Ri+1,j,k
∆x2
+
φi,j−1,k−φi,j,k
Ri,j−1,k
+ φ
i,j+1,k−φi,j,k
Ri,j+1,k
∆y2
+
φi,j,k−1−φi,j,k
Ri,j,k−1
+ φ
i,j,k+1−φi,j,k
Ri,j,k+1
∆z2
= 0
(5.3)
ߧ (5.3)ʂѽ൚ɿʃƅGauss-Seidel൚ʦๆɘɳƆʒɳƅணʝʠɳ୊Λഇ೘ʂںజ (ߧ (5.4))ɟʝ୊ກ
ഇ೘ (୊ࣟ)(E)ʦظޔɫɳƆ
E =
(
−∂φ
∂x
,−∂φ
∂y
,−∂φ
∂z
)
(5.4)
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ɩʝɿƅணʝʠɳ୊ກഇ೘ɠݩʞࡥɭ୊ກߞҏ (HO)ʦBiot-Savartʂ൚਒ (ߧ (5.5))ʦๆɘɺظޔ
ɫɳƆ
HO(r) =
∫
E(r′)× (r− r′)
|r− r′|3 dV (5.5)
ɧɧɻƅr′ʃ୊ກߞҏʦݩʞࡥɭظޔ˂˲ƅrʃ୊ກߞҏʦԘਗɭʟүظޔ˂˲ʦ಺ɭƆ
5.3.1 ୊ກව୞ഇ೘
य 5.6ɿЌˎʪˀʶ௅ʂ୊ກව୞ഇ೘ (୊ກഇ೘ʂও਻ખ)ʂظޔٌїʦߟɭƆ
(a) ݂ࣘ৥ (੓ 1৥) (b) યԝ৥ (੓ 5৥) (c) ݂ч৥ (੓ 8৥)
य 5.6: Ќˎʪˀʶ௅ʂ୊ກව୞.
Ќˎʪˀʶ௅ʂඥڻ൘ڽʂ୊ກව୞ബшʃಒ࣢ɿࢡɩɘɧɼɠʣɟʟƆɳɴɫƅ݂ࣘ৥ (य 5.6(a))
ɻʃ୊׎ɟʝߞՉˎʪˀʶ௅ɿ୊ກɠກʠܛʔɼɡɿ୊ກව୞ɠࣘࢭɫɺɘʟɧɼɠҷ௨ɻɡʟƆ
ʒɳƅ୊׎ೱ૥чɼˎʪˀʶયअೱɻʃ୊ກව୞ɠ੒ɡɣΪɾʟɧɼʖҷ௨ɻɡʟƆɫɳɠɷɺƅ
୊ກව୞ʃߞՉˎʪˀʶ௅ɻʖ೾ށɿബшɫƅλโව୞ഇ೘ɿʜʟظޔٌїɼʃΪɾʟٌїɠணʝ
ʠʟɼา২ɩʠʟƆߘɿƅय 5.7ɿ୊ກʂກʠɺɘʟ൘ڽʦงτɻߟɫɳƆ
(a) ݂ࣘ৥ (੓ 1৥) (b) યԝ৥ (੓ 5৥) (c) ݂ч৥ (੓ 8৥)
य 5.7: Ќˎʪˀʶ௅ʂ୊ກഇ೘. งτɼ௝ࣸ (य 2.3ދࢻ)ʃ୊ກʂກʠɺɘʟ൘ڽʦߟɫƅళࣸƅ
ܒࣸʃɱʠɲʠ෣૥+z,-z൘ڽʦ಺ɭ.
Ќˎʪˀʶ࠵രೱɻʃЌ࠵ɿЕɷɺ୊ກɠഇ೘ɫɺɘʟɧɼɠҷ௨ɻɡʟƆʒɳƅ݂ ࣘ৥ (य5.7(a))
ɿڽɟɚɿɸʠɺ୊ກഇ೘ʂඥڻ൘ڽढ़ഇ (zढ़ഇ)ɠ੒ɡɣɾɷɺɘʟɧɼɠҷ௨ɻɡʟƆɫɳɠɷ
ɺƅЌˎʪˀʶɻʃ୊ກߞҏʖ೾ށɿബшɫɺɘʟɼ۪ɜʝʠʟƆ
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5.3.2 ୊ກߞҏഇ೘
୊ກߞҏഇ೘ʃֆʕʝʠɳ୊ກව୞ഇ೘ɠݩʞࡥɭ୊ກߞҏɼɫɺ Biot-Savartʂߧʦๆɘɺظ
ޔɫɳƆय 5.8ɿඥڻ൘ڽʂ୊ກߞҏʂബшʦߟɭƆ
(a) ݂ࣘ৥ (੓ 1৥) (b) યԝ৥ (੓ 5৥) (c) ݂ч৥ (੓ 8৥)
य 5.8: ඥڻ൘ڽɿʜʟ୊ກߞҏʂബш. งτɼ௝ࣸ (य 2.3ދࢻ)ʃ୊ກߞҏʂ൘ڽʦߟɫƅళࣸƅ
ܒࣸʃɱʠɲʠ෣૥+z,-z൘ڽʦ಺ɭ.
୊ກߞҏʃ݂ࣘ৥ɼ݂ч৥ɻպɿɾɷɺɘʟɧɼɠҷ௨ɻɡʟƆɳɴɫƅ୊׎ʃˎʪˀʶʂࣘೱ
ɿ೒ਛɩʠɺɘʟɳʕ୊׎ೱ૥чɻʃ৥ɿʜʟڽɡʂβɘʃʏɼʧɽɾɣ+y൘ڽʦڽɣƆɱʂɳ
ʕƅ݂ࣘ৥ (य 5.8(a))ɻʃˎʪˀʶયअೱɼ୊׎ೱ૥чɻΪɾʟ൘ڽʦڽɣƆʒɳƅˎʪˀʶયԝ
৥ (य 5.8(b))ɻʃƅx߫ɿஔअЌࣨɿ୊ກߞҏɠ౎१ɭʟɳʕƅ୊ກߞҏ zढ़ഇɠ੒ɡɣټʠɺɘ
ʟɧɼɠҷ௨ɻɡʟƆ
य 5.9ɿүढ़ഇʂ୊ກߞҏʂ੒ɡɩʦߟɭƆɧʠʝʃඥڻ൘ڽɻചהɫɳ୊ກߞҏʦߟɫɳʖʂ
ɻɖʟƆ
(a) xढ़ഇ (b) yढ़ഇ (c) zढ़ഇ
य 5.9: ୊ກߞҏʂүढ़ഇ (j = 2.66× 1010 A/m2).
୊ກߞҏʂ xढ़ഇ (य 5.9(a))ʃ୊׎ೱ೒פɻۿɣƅ೾ށɿബшɫɺɘʟƆyढ़ഇ (य 5.9(b))ʃ
ˎʪˀʶયअೱɻ-y ൘ڽɿช-5 Oeଟ୞ʂߞҏɠټʠɺɘʟɧɼɠҷ௨ɻɡʟƆʒɳƅ୊׎ೱ૥ч
ɻʃƅયअೱʂช 10ఝɻɖʟ 50 Oeଟ୞ʂߞҏɠ+y൘ڽɿټʠɺɘʟƆzढ़ഇ (य 5.9(c))ʃયअ
ೱɟʝЌ࠵ೱɿפɹɣɿɸʠɺ੒ɡɣɾʟƆЌ࠵ೱɻʃ݂੒ɻช 150 Oeଟ୞ʂߞҏɠټʠɺɘʟ
ɧɼɠʣɟʟƆɫɳɠɷɺƅ୊ກߞҏڹїʦ࣏ݔɿѽॾɭʟɿʃ୊ກߞҏʂ yढ़ഇɴɥɻɾɣƅxƅ
zढ़ഇɿɸɘɺʖ۪຋ɭʟ಩์ɠɖʟƆ
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5.4 ظޔٌї
ɧɧɻʃƅظޔɟʝணʝʠɳϟʺʩʂ୊ກߞҏƅ୊ກව୞ഇ೘ɿʜʟѾୃౝأʂബшɿɸɘɺࡧ
ʍʟƆɩʝɿƅ୊ກߞҏɿʜʟϟʺʩʂϬஓƅ୊ກߞҏʂүढ़ഇɿʜʟϟʺʩʂϬஓɟʝ୊ກߞҏ
ڹїʦ࣏ݔɿѽॾɫɳƆ
5.4.1 Ѿୃౝأʂബш
ɧɧɻʃƅ୊ກව୞ʦ۪຋ɭʟƉɫɾɘƅ୊ກߞҏɖʞƉɾɫʂ 4૳ʞɿɸɘɺѾୃౝأʂಅҼ
ʦ۱ɷɳƆय 5.10ɿ֩इ࠵ఉॅ೒פʂAC୊ກʂ࠵ఉॅɿʜʟ଑࣢ѾୃϬஓયʂѾୃౝأʂബшʦ
ߟɭƆय௅ʂ๿ࣁʂ঑෗ʃ಺ 5.1ɿߟɭƆ
಺ 5.1: ๿ࣁ.
w/o OF ୊ກව୞ഇ೘ʦ۪຋ƅ୊ກߞҏɾɫ
w/ OF ୊ກව୞ഇ೘ʦ۪຋ƅ୊ກߞҏɖʞ
Uniform current, w/o OF ୊ກව୞ഇ೘ʦ۪຋ɫɾɘ (୊ກව୞λโ)ƅ୊ກߞҏɾɫ
Uniform current, w/ OF ୊ກව୞ഇ೘ʦ۪຋ɫɾɘ (୊ກව୞λโ)ƅ୊ກߞҏɖʞ
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य 5.10: ଑࣢ѾୃϬஓયʂϟʺʩѾୃౝأ.
୊ກව୞ഇ೘ʦ۪຋ɫɳࣟ܄ƅѾୃౝأɠ୊ກව୞ɠλโʂࣟ܄ɼಅҼɫɺช 5Ƥ8% ਊюɭʟɧ
ɼɠʣɟʟƆɧʠʃඕ٥֋ɻʃЌˎʪˀʶʦๆɘɺɘʟɳʕƅ୊ກව୞ɠˎʪˀʶʂયअɻࣘࢭɫ
ɺɘʟɧɼɼƅϟʺʩɠˎʪˀʶʂયअೱɻѾୃϬஓɫɺɘʟɳʕɿˀ˛˺ˏ˲ʶɠλโ୊ກව୞
ʂࣟ܄ʜʞʖϳׄɫɺɘʟɳʕɻɖʟƆʒɳƅ୊ກߞҏʂڹїɿʜɷɺѾୃౝأʃ݂੒ɻช 6%ٹ
ࢢɭʟɧɼɠʣɟʟƆ୊ກߞҏʂڹїʃ chirality ɿʜɷɺബшɫƅߗظѾʞʂࣟ܄ (य 5.10(a))ƅ
֩इ࠵ఉॅ (f = 210 ∼ 212 MHz)೒פɻʃѾୃౝأɠٹࢢɫƅ֩इ࠵ఉॅΙࣘɻʏɼʧɽബшɫ
ɾɘƆλ൘ɻƅ౞ߗظѾʞʂࣟ܄ (य 5.10(b))ƅպʂٌїɼɾɷɺɘʟƆ
ϟʺʩʂѾୃౝأɠ݂੒ɼɾʟ֩इ࠵ఉॅɻƅ୊ກߞҏʂย෌ɿʜʟѾୃౝأʂബшʦಅҼɭʟ
ɼƅ୊ກߞҏɿʜɷɺѾୃౝأɠٹࢢɫɺɘʟɧɼɠʣɟʟƆഓ٤ [52]ʂٌїɻʃƅ୊ກߞҏڹ
їʦ۪຋ɭʟɼѾୃౝأʃਊюɭʟɼ۪ɜʝʠɺɘɳ (2.4ঐ)ɠ౞਻ʂٌїɼɾɷɳƆɧʠʃƅ୊
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ກߞҏʦλโɾ y൘ڽʂߞҏɼщ଑ɭʟɴɥɻʃ୊ກߞҏڹїʦࡒഇɿ঑෗ɻɡɺɘɾɘɟƅߞՉ
ˎʪˀʶʂآࣨɿʜʟ୊ກߞҏڹїʂβɘɻɖʟɼ۪ɜʝʠʟƆ
5.4.2 ˀ˛˺୊ກɿ਻ɭʟ୊ກߞҏڹї
ϟʺʩѾୃϬஓɟʝ୊ກߞҏڹїʦ٠࣍ɭʟɳʕɿƅ୊ກߞҏɼ୊ກຑ൘ʦԥʕɳʾ˦ˬ˳Ɵʾˮ
˺ʦՔɧɷɳƆϟʺʩʂ֩ෛ࠵ఉॅʃ୊ກව୞ɿʜɷɺബшɭʟɳʕƅ݂ʖѾୃౝأɠ੒ɡɣɾʟ
࠵ఉॅʦү୊ກව୞ɻֆʕƅɱʂ୊ກව୞ɿɞɥʟ୊ກߞҏڹїʦ૛ʍɳƆ4.5.3۽ɻʖߟɫɳʜ
ɚɿƅAC୊ກɿʜʟϟʺʩʂѾୃϬஓɻʃƅϟʺʩʃࢎƜɿѾୃౝأɠ੒ɡɣɾʞƅ஦଑ʂౝأ
ɻ଑࣢ѾୃϬஓɭʟƆඕࣂɻʃƅϟʺʩɠ଑࣢ѾୃϬஓɭʟʒɻظޔɫ (180 ns < ਗ଑ߗԝ < 200
ns)ƅ଑࣢ѾୃϬஓયʂϟʺʩʂϬஓɟʝ୊ກߞҏڹїʦ٪ঀʖɷɳƆ੺ࡸɿ୊ກߞҏʂ੒ɡɩɴɥ
ʦޔࡥɭʟʂʃ௔ɫɘɳʕƅ୊ກߞҏʂ੒ɡɩʦ୊ກව୞ (j’)ɿԀޔɫɺ಻ьɫɳƆ״ਹଯɿʃƅ
ߘɿߟɭ (1)∼(3)ʂࠡࡼɻ୊ກߞҏʂ੒ɡɩʦԀޔɫɳƆ
(1) ୊ກߞҏɼ୊ກ (୊ກව୞:j)ʂຑ൘ʦτюɫɺϟʺʩʂѾୃՕஞʦظޔ
(2) (1)ɻτюɫɳ୊ກ (୊ກව୞:j)ɿюɜɺƅ୊ກ (୊ກව୞:j’)ʦτю (୊ກߞҏʃτюɫɾɘ)
ɫƅ(1)ɻֆʕɳѾୃՕஞɼஔɬɿɾʟʜɚɾ୊ກ (୊ກව୞:j’)ʦޔࡥ
(3) (2)ɻޔࡥɫɳ୊ກ (୊ກව୞:j’)ʦ୊ກߞҏڹїɼɫɺƅ୊ກߞҏڹї
(
η = j−j
′
j+j′
)
ʦظޔ
୊ກව୞ʦബшɩɯɺ୊ກߞҏڹїʦ٪ঀʖɷɳٌїʦय 5.11ɿߟɭƆ
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य 5.11: ୊ກව୞ɿʜʟ୊ກߞҏڹїʂബш.
୊ກߞҏڹїʃ j = 2.0 × 1011 A/m2ɻ݂ࢡખ (∼3.8 %)ʦɼʞƅ݂੒ɻʖ 8 %Ιчɻɖʟɧɼ
ɠʣɟɷɳƆʒɳƅ୊ກߞҏڹїʃ݂ࢡખʦયअɿ୊ກව୞ɠਊюƅٹࢢɭʟɼɼʖɿਊюɫɺɘ
ʟɧɼɠʣɟʟƆ
5.4.3 ୊ກߞҏʂү൘ڽढ़ഇʂڹї
ߘɿƅय 5.11ʂ୊ກߞҏڹїʂ݂ࢡખɠټʠʟټ࣐ʦ۪ݺɭʟɳʕɿƅɱʠɲʠʂ୊ກව୞ɿɞ
ɥʟϟʺʩѾୃϬஓɿ਻ɭʟү൘ڽढ़ഇʂ୊ກߞҏɿɸɘɺ૛ʍɳƆɧɧɻʖ 5.4.2۽ʂ൘൚ɼஔ
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โɿүढ़ഇʂ୊ກߞҏڹїʦ಻ьɫɳƆɫɟɫƅ୊ກɼ୊ກߞҏ 1ढ़ഇʦ۪຋ɫɺظޔɫɳٌїƅ
үظޔɻணʝʠɳѾୃౝأɠ੒ɡɣΪɾʟɼ୊ກߞҏɿഇ೘ɠɖʟɳʕɿүढ़ഇʂ୊ກߞҏڹїʦ
।ҷɿಅҼɭʟɧɼɠɻɡɾɘƆɱɧɻƅඕࣂɻʃߘʂࠡࡼɻүढ़ഇʂ୊ກߞҏڹїʦ಻ьɫɳƆ
(1) ୊ກߞҏʂ 1ढ़ഇɴɥʦ 50 %ɿɫɳ୊ກߞҏɼ୊ກ (୊ກව୞:j)ʂຑ൘ʦτюɫɺϟʺʩʂ
ѾୃՕஞʦظޔ
(2) ୊ກ (୊ກව୞:j)ɿюɜɺƅ୊ກߞҏুढ़ഇɼ୊ກ (୊ກව୞:j’)ʦτюɫƅ(2)ɻֆʕɳѾୃ
Օஞɼஔɬɿɾʟʜɚɾ୊ກ (୊ກව୞:j’)ʦޔࡥ
(3) (2)ɻޔࡥɫɳ୊ກ (୊ກව୞:j’)ʦ (1)ɻ 50 %ɿٹʝɫɳ୊ກߞҏڹї (߹ݘʃணʝʠʟڹї
ʖ 50 %)ɼɫɺƅ୊ກߞҏڹї
(
η = j−j
′
j+j′
)
ʦظޔ
ɧʂࠡࡼɻணʝʠɳٌїʦߘɿߟɭƆय 5.12ɿϟʺʩѾୃϬஓɿ਻ɭʟү൘ڽढ़ഇʂ୊ກව୞ɿԀ
ޔɫɳ୊ກߞҏʂ੒ɡɩʂߗԝബшʦߟɭƆ
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(a) j = 0.67× 1011 A/m2
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(b) j = 2.0× 1011 A/m2
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(c) j = 2.7× 1011 A/m2
य 5.12: ୊ກව୞ɿʜʟү൘ڽढ़ഇʂ୊ກߞҏʂ੒ɡɩʂബш (୊ກව୞Ԁޔ).
य 5.12ʃƅj′yɿʜʟϟʺʩѾୃϬஓʂΛ৷ʦԷࡵɿ j′x,j′zʦߟɫɺɘʟƆय 5.12ɿү୊ກව୞ɿ
ɞɥʟү൘ڽढ़ഇʂ୊ກߞҏʂ੒ɡɩʂও਻ખƅय 5.14ɿү൘ڽढ़ഇʂ୊ກߞҏڹїʂӍ܄ƅय
5.15ɿ୊ກව୞ɿԀޔɫɳ୊ກߞҏʂΛ৷ʦߟɭƆ
य 5.13ʜʞƅ୊ກߞҏڹїʦ୊ກව୞ɻԀޔɫɳ j′ʃ୊ກ jɿ਻ɫɺಅຶɫɺਊюɫɺɘʟɧɼ
ɠʣɟʟƆɫɟɫƅय 5.14ɿߟɫɳү൘ڽढ़ഇʂ୊ກߞҏڹїʂӍ܄ʃƅx, zढ़ഇɿԟɫɺʃ୊ກ
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य 5.13: ୊ກව୞ɿ਻ɭʟ୊ກߞҏ (୊ກව୞Ԁ
ޔ)ʂ੒ɡɩʂബш.
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य 5.14: ୊ກව୞ɿ਻ɭʟ୊ກߞҏڹїʂӍ܄
ʂബш.
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य 5.15: ୊ກව୞ɿʜʟ୊ກව୞ɻԀޔɫɳ୊
ກߞҏʂ୊ກɼʂΛ৷ܴʂബш.
ව୞ɿ਻ɫɺ 1 %ଟ୞ʂബшɫɟɾɘɧɼɠʣɟʟƆλ൘ɻƅy൘ڽढ़ഇʃ j = 0.67 × 1011A/m2
ɼ j = 2.0 × 1011A/m2 ʂԝɻ 2 %ଟ୞ʂਊюɠ٪ʝʠʟʂɿ਻ɫƅj = 2.0 × 1011A/m2 ɼ j =
2.7× 1011A/m2ʂԝɻʃʏɼʧɽബшɫɺɘɾɘƆx, zढ़ഇʂڹїɠʏɼʧɽബшɫɾɘ๲ศʃƅ
य 5.9ɿߟɫɳʜɚɿЌ౶ɿ਻ɫɺ୊ກߞҏഇ೘ɠ਻ࣁɻɖʟɳʕɻɖʟƆλ൘ɻƅy൘ڽढ़ഇɿ
ʜʟϟʺʩʂϬஓʃƅ୊׎૥чʂ୊ກߞҏɿʜɷɺ୊׎૥чʂߞшۚਏɠബшɭʟɧɼɻՔɧɷɺ
ɘʟƆɫɳɠɷɺƅ୊ກɠ੒ɡɘࣟ܄ʃ୊׎૥чʂߞшۚਏʂബшɠ൩໳ɫɺɘʟɧɼɠ۪ɜʝʠ
ʟƆɧʂࣟ܄ƅϟʺʩʂϬஓʃ୊ກɠ੒ɡɣɾɷɺʖʏɼʧɽബшɫɾɣɾʞƅy൘ڽढ़ഇʂ୊ກ
ߞҏڹїɠ๓ɜʝʠʟƆ
ү୊ກව୞ʂΛ৷ʦԷࡵɿƅү൘ڽढ़ഇʂ୊ກව୞ɻԀޔɫɳ୊ກߞҏʂΛ৷ʦֆʕɳ (य 5.15)Ɔ
ү൘ڽढ़ഇʂ୊ກߞҏʃΛ৷ɠബшɫɺɘʟɧɼɠʣɟʟƆү୊ກව୞ɿɞɥʟү൘ڽढ़ഇʂ୊ກ
ߞҏʂ੒ɡɩʦΛ৷ʦ۪຋ɫɺਘɫ܄ʣɯɳٌїʦय 5.13ƅय 5.14ʂ߀ʂভɻߟɫɳƆय 5.14ɻ
ߟɫɳʜɚɿƅਘɫ܄ʣɯɳ୊ກߞҏʂӍ܄ʃƅj = 1.4× 1011A/m2ɻ݂ࢡʂӍ܄ɼɾʟɧɼɠʣ
ɟʟƆʒɳƅय 5.11ɼಅҼɭʟɼਘɫ܄ʣɯɳ୊ກߞҏڹїɠ 50 %ଟ୞ɿɾɷɺɘʟɧɼɠʣɟ
ʟƆɧʠʃƅඕࣂɻʃ୊ກߞҏʦ 50 %ɿ๓ɜɺظޔɫɺɘʟɳʕɻɖʞƅɧʂɧɼʦ۪຋ɭʟɼ
य 5.11ʂٌїɼλઠɫɺɘʟɧɼɠʣɟʟƆ
5.5. ʒɼʕ 51
य 5.12ʜʞƅ෣௅ढ़ഇʂ୊ກߞҏ (j′x, j′y)ʃү୊ກව୞ɿɞɘɺʏʐ౞Λ৷ (∼3.26 rad.)ɻɖʞƅ
ɱʂइ೺ʖʏʐஔଟ୞ɻɖʟƆɱʂɳʕƅڞɘɿڹїʦਲɵࢶɫ܄ɚʜɚɿݩๆɭʟƆʒɳƅj′zʂ
୊ກɼʂΛ৷ܴʃय 5.15ɟʝʣɟʟʜɚɿ j = 2.0 × 1011A/m2ɼ j = 2.7 × 1011A/m2ʂԝɻ 30
%ଟ୞ٹࢢɫɺɘʟƆɧʂ j′zʂΛ৷ʂɮʠɿʜɷɺƅj = 2.6× 1011A/m2ɻʃƅxढ़ഇɼ yढ़ഇʂ
ڹїʦਘɫ܄ʣɯɺޝɷɳ xढ़ഇʂڹїɼ࡚ɾʟ൘ڽɿ zढ़ഇʂڹїɠஒɣɳʕƅুढ़ഇʦਘɫ܄
ʣɯɳ୊ກߞҏڹїɠਊюɭʟƆɫɟɫƅϟʺʩʂѾୃɼAC୊ກʂΛ৷ɠ୊ກව୞ɿʜʝɮλ଑
ɻɖʟࣟ܄ƅzढ़ഇʂΛ৷ʃബшɫɾɘٌїɠணʝʠʟʃɮɻɖʟƆɱʂɳʕƅzढ़ഇʂΛ৷ɠബш
ɭʟ๲ศʦ૛ܵɭʟ಩์ɠɖʟɠƅټݚʂɼɧʡ๲ศɿɸɘɺʃ೑෗ɻɖʟƆ
5.5 ʒɼʕ
ඕࣂɻʃƅ3ߘٴ˥ʫʶ˴˥ʷ˔ˍʪˊ ʶʾ˦ˬ˳Ɵʾˮ˺ʦๆɘɺ AC୊ກױஓϟʺʩѾୃϬ
ஓયʂ୊ກߞҏڹїʦ૛ʍɳƆߞՉˎʪˀʶ௅ɿټʠʟ୊ກߞҏʦظޔɫɳɼɧʡƅ୊ກߞҏʃߞ
Չˎʪˀʶ௅ɻ೾ށɿഇ೘ɫɺɘʟɧɼɠʣɟɷɳƆ
୊ກව୞ഇ೘ɿʜʟϟʺʩѾୃౝأʌʂϳׄʦ૛ܵɫɳٌїƅЌˎʪˀʶɻʃˎʪˀʶયअೱɻ
୊ກව୞ɠਊюɭʟɳʕƅλโɾ୊ກව୞ഇ೘ɼಅҼɫɺѾୃౝأɠਊюɭʟɧɼɠʣɟɷɳƆʒ
ɳƅ୊ກߞҏɿʜʟѾୃౝأʌʂϳׄʦ૛ܵɫɳٌїƅ୊ກߞҏɠѾୃౝأʦٹࢢɩɯɺɘʟɧɼ
ɠʣɟɷɳƆɧʂٌїʃƅഓ٤ [52]ʂѽॾѽɼΪɾʟٌїɼɾɷɳƆ
ߘɿƅϟʺʩʂѾୃՕஞɟʝ୊ກߞҏڹїʦ಻ьɫɳƆɱʂٌїƅ୊ກߞҏڹїʂӍ܄ʃ୊ກව
୞ʂ੒ɡɩɿʜɷɺബшɫƅj = 2.0× 1011A/m2ʂߗɿ݂ࢡ (∼3.8 %)ɼɾʟɧɼʦߟɫɳƆʒɳƅ
j = 2.7× 1011A/m2ʦયअɿ୊ກව୞ʦਊюƅٹࢢɩɯʟɼ୊ກߞҏڹїʂӍ܄ʃਊюɫƅ݂੒ɻ
ʖ 8 %ଟ୞ɼࢡɩɘɧɼʦ෗ʝɟɿɫɳƆ୊ກߞҏڹїʂӍ܄ɠ݂ࢡખʦɼʟ๲ศʦ૛ʍʟɳʕɿƅ
୊ກߞҏڹїʦү൘ڽढ़ഇɿഇɥɺ࣏ݔɿ૛ʍɳƆɱʂٌїƅ୊ກߞҏڹїʂ୊ກව୞ɿʜʟബш
ʃү൘ڽढ़ഇɻΪɾʟɧɼƅ෣௅ढ़ഇ (xढ़ഇƅyढ़ഇ)ʂڹїʃڞɘɿਲɵࢶɫ܄ɚɧɼɠʣɟɷ
ɳƆʒɳƅ୊ກߞҏʂΛ৷ʖ୊ກߞҏڹїɠ݂ࢡખʦɼʟɧɼʂ๲ศʂλɸɻɖʟɧɼɠʣɟɷɳƆ
Ιࣘʂɧɼɟʝƅ୊ກߞҏʂڹїʃˀ˛˺ˏ˲ʶɼಅҼɫɺࢡɩɣƅߞՉˎʪˀʶʦಘݔшɫɳ
ݘɿʖϟʺʩʦˀ˛˺୊ກɿʜɷɺ৭ݩя௾ɻɖʟɧɼʦߟɫɳƆ
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5ࣂɻʃƅߞՉϟʺʩ˨˩˱߹ټʂ෻੕ʂλɸɻɖʟƅˀ˛˺୊ກɿʜʟߞՉϟ৭ݩҷ๼ɿڽɥ
ɳ୊ກߞҏڹїʂѽॾʦ۱ɷɳƆඕࣂɻʃƅߞՉϟʺʩ˨˩˱߹ټʂ෻੕୅ɼɫɺ֘ɦʝʠɺɘʟ
ƹϟۚਏʂΑ଑ड़ƺɿɸɘɺթ໱ɭʟƆ
˨˩˱ʂࡍঀ୞ʃߞՉˎʪˀʶʼʫˁɿΜਣɭʟɠƅϟۚਏɠˎʪˀʶɿټʠʟِࣥʖʒɳˎʪ
ˀʶʼʫˁɿΜਣɭʟ [54]Ɔ˨˩˱ʂࡍঀځҏʦ૛ʍʟɳʕɿʃƅϟۚਏɠΑ଑ɫɺټʠʟˎʪˀ
ʶʼʫˁʂ૛ܵɠ಩์ɼɾʟƆߞՉʯ˔˲ʵƟɠ݂ࢡɼɾʟߞшۚਏʂޝຄߞшࣨੁɿɞɘɺߞՉ
ϟۚਏɠΑ଑ɿࡥټɭʟˎʪˀʶʂʼʫˁɿɸɘɺʃՂɿൎ܍ɠɩʠɺɘʟ [53], [54]Ɔɫɟɫƅϟ
ʺʩʂ౞ୃ৭ݩʦ۱ɚࣟ܄ƅ৭ݩયɿϟۚਏɠҀʠɺɫʒɚɧɼʖ۪ɜʝʠʟƆΑ଑ɫɺϟʺʩʂ
৭ݩʦ۱ɚɳʕɿʃƅޝຄߞшࣨੁɻϟۚਏɠΑ଑ɫɺټʠʟˎʪˀʶʜʞʖ੒ɡɾˎʪˀʶɠ಩
์ɿɾʟɧɼɠา২ɩʠʟƆഓ٤ [54]ɻʃॴଯɿΑ଑ɾߞшࣨੁɼɫɺ˰˺ˇ˧ɾߞшۚਏʦࡾՃ
ખɼɫɺิɜƅԒ໳ɫɺɟʝணʝʠɳࣨੁʦΑ଑ɾߞшۚਏɼɫɺɘʟƆɫɟɫƅɧʂ൘൚ɟʝண
ʝʠʟۚਏʃʯ˔˲ʵƟ׎ࢡʂλɸɻɖʟɠƅʯ˔˲ʵƟɠ݂ࢡʂۚਏɻʃɾɘя௾ड़ɠɖɷɳƆ
ʒɳƅॴଯɾ಻ьɫɟ۱ɷɺɞʝɮƅϟʺʩɠ౞ୃɭʟʜɚɾஓଯɾۚਏബшʦԥʕɳΑ଑ड़ɿɸ
ɘɺʃթ໱ɩʠɺɘɾɟɷɳƆ
ඕࣂɻʃƅߞш౞ୃߗɿϟۚਏɠ൓ʠɮɿΑ଑ɫɺ౞ୃʦ۱ɚɧɼɠɻɡʟˎʪˀʶʼʫˁʂࣥ
ِʦ૛ʍɳƆޝຄߞшࣨੁʂϟۚਏʂΑ଑ड़ʃƅࡥټɭʟя௾ड़ɠɖʟߞшۚਏʂʯ˔˲ʵƟʦظ
ޔɫƅɱʠʝʦಅҼɭʟɧɼɻƅɱʂˎʪˀʶɿټʠʟߞшۚਏʂયɻ݂ʖʯ˔˲ʵƟɠଊɘࣨੁ
ɻʂΑ଑ड़ʦظޔɫɳƆʒɳƅஓଯɾِࣥɻʂΑ଑ड़ɿɸɘɺʃƅ߹ݘɿAC୊ກɿʜʟϟʺʩʂ
౞ୃʾ˦ˬ˳Ɵʾˮ˺ʦ۱ɚɧɼɻϟʺʩ౞ୃߗɿ٪ʝʠʟ೾ށɾߞшۚਏʂஓଯബшʦ۪຋ɫƅ
ߞш౞ୃߗɿϟۚਏɠ൓ʠɮɿΑ଑ɫɺ౞ୃʦ۱ɚɧɼɠɻɡʟˎʪˀʶʼʫˁʂِࣥʦ૛ʍɳƆ
6.1 ظޔ˩ˎ˲
λ౫ɿƅߞՉϟʂ٥֋ɻๆɘʝʠʟˎʪˀʶʃЌˎʪˀʶɻɖʟɳʕƅඕࣂɻʖߞՉЌˎʪˀʶ
ʦๆɘɳʾ˦ˬ˳Ɵʾˮ˺ʦ۱ɷɳƆظޔɻʃˎʪˀʶʼʫˁʦ૥أ 20∼200 nmƅඥڻ 5∼40 nm
ɻബшɩɯɺƅɱʂۚਏʂΑ଑ड़ʦ૛ʍɳ [14]Ɔظޔ਻࣐ʂˎʪˀʶʃय 6.1ɿߟɭʜɚɿƅ4 nm
× 4 nm × (ඥڻ) ʂ˂˲ɿഇӍɫɳƆߞшۚਏʂΑ଑ड़ʃˎʪˀʶʂʼʫˁʂʓɿΜਣɭʟɼ۪ɜ
ʝʠʟɳʕƅΑ଑ड़ʦթ໱ɭʟࣘɻʃ୊ກව୞ഇ೘ʂϳׄʃࢡɩɘɼ۪ɜʝʠʟƆɱɧɻƅ୊ກව
୞ʃˎʪˀʶ௅ɻλโɻɖʟɼщ଑ɫƅˎʪˀʶ෣ʦ x-y ച෣ƅˎʪˀʶɿ਻ɫɺळ૥ɾ൘ڽ (ʺʩ
ɠڽɣ൘ڽ)ʦ z ൘ڽɼɫɺظޔʦ۱ɷɳƆ୊ޫʂΫஓ൘ڽʃ x ൘ڽɼɫɺظޔɫɳƆݛດ଑ॅʃ
Permalloy ʂખ (4.1ঐɼஔɬ)ʦๆɘɳƆˎʪˀʶʂߞՉʯ˔˲ʵƟʃƅߧ (3.3)ʂʯ˔˲ʵƟව୞
ɟʝֆʕɳƆظޔɻʃƅϟʺʩ౞ୃߗʂΑ଑ड़ʦ૛ʍʟঽɿƅʒɮߞՉʯ˔˲ʵƟɟʝޝຄߞшࣨ
ੁɿɞɥʟϟۚਏʂΑ଑ड़ʦ૛ʍɳƆɧʂٌїʃƅڤʂʯ˔˲ʵƟɿʜʟΑ଑ड़ʂ಻ьɻๆɘɳƆ
ϟʺʩ౞ୃߗʂϟۚਏʂΑ଑ड़ʃƅAC ˀ˛˺୊ກɿʜʟϟʺʩ౞ୃʾ˦ˬ˳Ɵʾˮ˺ɟʝֆʕ
ɳƆɧʂߗƅۚਏɠϟʺʩ౞ୃڤʖΑ଑ɫɺਣݚɭʟࣟ܄ɼƅϟۚਏɠ൓ʠ਩ʂߞшۚਏʌബшɭ
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ʟࣟ܄ʂˎʪˀʶʼʫˁʂِࣥʦ૛ʍɳƆߘɿƅʾ˦ˬ˳Ɵʾˮ˺ɟʝֆʕɳϟʺʩʂ౞ୃʯ˔˲
ʵƟɼߞшۚਏʂʯ˔˲ʵƟɟʝƅϟۚਏɠ൓ʠɮɿ౞ୃɭʟˎʪˀʶʼʫˁʂِࣥʦ૛ʍƅߞш
౞ୃʾ˦ˬ˳Ɵʾˮ˺ɻணʝʠɳٌїʂਰ୻ड़ʦ૛ʍɳƆ
य 6.1: ظޔ਻࣐ˎʪˀʶʂ๸ޏш
6.2 ޝຄߞшࣨੁʂΑ଑ड़
ɧɧɻʃƅߞՉˎʪˀʶɿټʠʟߞшۚਏʂʯ˔˲ʵƟɟʝޝຄߞшࣨੁɻΑ଑ɫɺټʠʟߞш
ۚਏʦֆʕƅϟʺʩۚਏɠΑ଑ɫɺਣݚɭʟˎʪˀʶʼʫˁʂِࣥʦ૛ʍɳƆ
ޝຄߞшࣨੁɿɞɥʟϟʺʩʂΑ଑ड़ɿɸɘɺʃɭɻɿ߹ٲɼʾ˦ˬ˳Ɵʾˮ˺ʂຑ൘ɟʝൎ܍
ɩʠɺɘʟ [53], [54]Ɔɫɟɫƅഓ٤ [53] ɻʃඕ໱ഓɻๆɘɳ Permalloy ɼʃΪɾʟ Supermalloy
ʦๆɘɳ٥֋ɻɖʞƅʒɳƅഓ٤ [54] ɻʃॴଯɿΑ଑ɾߞшࣨੁɼɫɺ˰˺ˇ˧ɾߞшۚਏʦࡾՃ
ખɼɫɺิɜƅԒ໳ɫɺɟʝணʝʠɳࣨੁʦΑ଑ɾߞшۚਏɼɫɺɘʟƆɫɟɫƅɧʂ൘൚ɟʝண
ʝʠʟۚਏʃʯ˔˲ʵƟ׎ࢡʂλɸɻɖʟɠƅʯ˔˲ʵƟɠ݂ࢡʂۚਏɻʃɾɘя௾ड़ɠɖɷɳƆ
ඕ໱ഓɻʃƅˎʪˀʶʼʫˁɨɼɿࡥټɭʟя௾ड़ɠɖʟߞшۚਏʂʯ˔˲ʵƟʦɱʠɲʠظޔɫƅ
ணʝʠɳʯ˔˲ʵƟʦಅҼɭʟɧɼɻƅɱʂˎʪˀʶɻࡥټɭʟߞшۚਏʂયɻ݂ʖʯ˔˲ʵƟɠ
ଊɘࣨੁɻޝຄߞшࣨੁʂΑ଑ड़ɿɸɘɺթ໱ɫɳƆ
ඕ໱ഓɻๆɘɳˎʪˀʶʼʫˁɻʃϟۚਏ (य 6.2(a))ʒɳʃ੺ߞ׫ۚਏ (य 6.2(b))ɠࡥټɭʟ
ɳʕ [54]ƅүˎʪˀʶʼʫˁɻϟۚਏʂʯ˔˲ʵƟ (EV)ɼƅ੺ߞ׫ۚਏʂʯ˔˲ʵƟ (ESD)ʦظ
ޔɫƅຑࠋʂʯ˔˲ʵƟܴ (ESD-EV)ʜʞΑ଑ɫɺਣݚɭʟۚਏʦ૛ʍɳƆ
ɧɧɻƅ੺ߞ׫ۚਏʂʯ˔˲ʵƟʃƅࡒഇɿ੒ɡɾߞҏʦλ൘ڽɿ଱ๆɫƅߞшɠλ൘ڽʦڽɘ
ɳࣨੁɟʝظޔʦʃɬʕɳƆɱʂڤƅߞҏʦউʞߞшۚਏɠԒ໳ɫɳࣨੁʂʯ˔˲ʵƟʦظޔɫɳƆ
य 6.3ɿ੺ߞ׫ۚਏʯ˔˲ʵƟʂˎʪˀʶ૥أɼඥڻɿʜʟബшʦߟɭƆϟۚਏʂʯ˔˲ʵƟɿɸ
ɘɺʃƅ੺ߞ׫ۚਏʂʯ˔˲ʵƟظޔɼஔโɿߞҏʦλ൘ڽɿ଱ๆɫƅߞшɠλ൘ڽʦڽɘɳࣨੁ
ɟʝظޔʦʃɬʕɳƆɫɟɫƅ੺ߞ׫ۚਏɠΑ଑ɾˎʪˀʶʼʫˁɻʃϟۚਏɠࡥɿɣɘɳʕƅˎʪ
ˀʶɿ਻ɫɺळ૥ɾ൘ڽɿߞҏʦ଱ๆɭʟɧɼɻϟۚਏɠࡥټɭʟʜɚɿɫƅϟۚਏɠࡥټɫɳڤ
ʃߞҏʦউʞƅߞшۚਏɠԒ໳ɫɳߗʂʯ˔˲ʵƟʦظޔɫɳƆय 6.4ɿߞՉϟۚਏʂʯ˔˲ʵƟ
ʂˎʪˀʶ૥أɼඥڻɿʜʟബшʦߟɫƅय 6.5ɿຑࠋʂۚਏʂʯ˔˲ʵƟܴʂബшʦߟɭƆ
ɧɧɻϟۚਏʂʯ˔˲ʵƟɼ੺ߞ׫ۚਏʂʯ˔˲ʵƟɠ୾ɫɣɾʟভ (ESD-EV = 0 erg)ɠƅޝຄ
ߞшࣨੁɿɞɥʟϟۚਏʂΑ଑ځҏʂِࣥɼɾʟƆʒɳƅʯ˔˲ʵƟܴɠ˞˰ˀɼɾʟມη (ESD-EV
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(a) ϟۚਏ (b) ੺ߞ׫ۚਏ
य 6.2: ߞՉˎʪˀʶɿټʠʟߞшۚਏ. งτɼ௝ࣸ (य 2.3ދࢻ)ʃߞш൘ڽʦߟɫƅళࣸƅܒࣸʃ
ɱʠɲʠ෣૥+z, -z൘ڽʂߞшມηʦ಺ɭ.
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य 6.3: ੺ߞ׫ۚਏʯ˔˲ʵƟʂˎʪˀʶ૥أɼඥڻɿʜʟബш.
> 0 erg)ɻʃ੺ߞ׫ۚਏʂʯ˔˲ʵƟɠ੒ɡɘɳʕƅϟۚਏɠࡥټɫʘɭɣƅ౞਻ɿ˥ʫˑˀɼɾ
ʟມη (ESD-EV < 0 erg)ɻʃ੺ߞ׫ۚਏɠࡥټɫʘɭɘƆ
ɧɧɻணʝʠɳΑ଑ځҏʂِࣥʃഓ٤ [54]ɻߟɩʠɺɘʟٌїʜʞʖ૥أɠࢡɩɘٌїɼɾɷ
ɳƆɧʠʃഓ٤ [54]ɻʃʯ˔˲ʵƟ׎ࢡࣨੁɠணʝʠɳɳʕɼ۪ɜʝʠʟƆ
ɧɧɻƅЌآˎʪˀʶʦ๼൘ਹ˂˲ɻഇӍɫɺɘʟɳʕƅ˂˲ʼʫˁɠணʝʠɳٌїɿϳׄʦิ
ɜɺɘʟя௾ड़ɠɖʟƆɱɧɻƅ˂˲ʼʫˁɿʜʟϳׄʦ૛ʍʟɳʕɿ 2 nm×2 nm×(ඥڻ)˂˲
ʦๆɘɺஔโʂظޔʦ۱ɷɳƆ૥أɠࢡɩɘˎʪˀʶɻʃٴʂЌآˎʪˀʶɼ˂˲ഇӍɫɳˎʪˀ
ʶʂਹঀʂܴʂӍ܄ɠ੒ɡɣɾʟƆɱɧɻƅ˂˲ʼʫˁʂϳׄɠ੒ɡɘɼ۪ɜʝʠƅүۚਏʂʯ˔
˲ʵƟɠஔଟ୞ɻɖʟD = 40 nm, h = 40 nmʦๆɘɺ˂˲ʼʫˁʂϳׄʦ૛ʍɳƆٌїɼɫɺƅ
˂˲ʼʫˁɿʜʟʯ˔˲ʵƟܴʃ 2 pergଟ୞ɻɖɷɳƆʒɳƅඥڻɠڻɘɼɧʡɻʃඥڻ൘ڽɿʖ
ߞшۚਏɠټʠʟɧɼɠ۪ɜʝʠʟɳʕƅh = 30, 40 nmʂˎʪˀʶʦ૥أʦബшɩɯɺ 4 nm×4
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य 6.4: ϟۚਏʯ˔˲ʵƟʂˎʪˀʶ૥أɼඥڻɿʜʟബш.
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य 6.5: үۚਏʂʯ˔˲ʵƟܴʂˎʪˀʶ૥أɼඥڻɿʜʟബш.
nm×5 nmʂ˂˲ɻഇӍɫɳ 3ߘٴ˩ˎ˲ʦๆɘɺظޔɫɳƆ3ߘٴ˩ˎ˲ɻʃ૥أƅඥڻɠɱʠ
ɲʠชD = 80 nmƅช h = 30 nmΙࣘɿɾʟɼ 2ߘٴ˩ˎ˲ɻணʝʠɳʯ˔˲ʵƟɼ 10%Ιࣘʂ
ܴɠټʠިʕɳƆɧʂɼɡƅߞՉˎʪˀʶ௅ɻʃඥڻ൘ڽɿʁɬʠɳߞшۚਏɠࡥټɫɳƆɫɟɫƅ
Α଑ड़ʂְҏɼɾʟˎʪˀʶʼʫˁ೒פɻʃʯ˔˲ʵƟʂܴɠ 6 pergଟ୞ɻɖɷɳƆɫɳɠɷɺƅ
h = 40 nmʂࣟ܄ƅ૥أɠ 40 nmബшɫɳߗɿʯ˔˲ʵƟɠช 100 pergബшɫɺɘʟɳʕƅணʝ
ʠɳΑ଑ड़ځҏʌʂϳׄʃ݂੒ɻ૥أ 3 nmଟ୞ɻɖʟɼ۪ɜʝʠʟƆΙࣘʂɧɼɟʝظޔ˂˲Ɖ
ظޔ˩ˎ˲ɿʜʟظޔٌїʌʂϳׄʃࢡɩɘɼ۪ɜʝʠʟƆ
6.3 ϟʺʩʂ౞ୃʦ౛ɚࣟ܄ʂΑ଑ड़
6.2ঐɻʃƅˎʪˀʶʂߞՉʯ˔˲ʵƟʜʞƅߞՉϟۚਏɠΑ଑ɫɺټʠʟˎʪˀʶʼʫˁʂِࣥ
ʦֆʕɳƆɫɟɫƅߞҏʒɳʃˀ˛˺୊ກɿʜʟϟʺʩʂ৭ݩʦ౛ɚࣟ܄ƅޝຄߞшࣨੁɻϟۚਏ
ɠΑ଑ɫɺټʠʟˎʪˀʶɻʖɧʂ৭ݩɿʜɷɺϟۚਏɠ൓ʠɺɫʒɚɧɼɠɖʟƆɱɧɻඕࣂɻ
ʃƅACˀ˛˺୊ກʦ଱ๆɫƅϟۚਏɠ൓ʠɮɿϟʺʩɠ౞ୃɭʟˎʪˀʶʂʼʫˁʂځҏʦ૛ʍ
ɳƆˎʪˀʶʼʫˁʂځҏʦ૛ʍʟࠡ൚ɼɫɺʃƅ6.3.1۽ɻAC୊ກɿʜʟϟʺʩϬஓʾ˦ˬ˳Ɵ
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ʾˮ˺ɿʜʟࠡ൚ɟʝϟۚਏʂΑ଑ड़ʦ಻ьɫƅ6.3.2۽ɻʃߞՉʯ˔˲ʵƟɟʝ 6.3.1۽ɻணʝʠ
ɳٌїʂਰ୻ड़ɿɸɘɺ಻ьɫɳƆ
6.3.1 ϟʺʩ౞ୃʾ˦ˬ˳Ɵʾˮ˺
үˎʪˀʶʼʫˁɻƅACˀ˛˺୊ກɿʜʟϟʺʩʂ౞ୃʾ˦ˬ˳Ɵʾˮ˺ʦ۱ɘƅϟʺʩ৭ݩ
ʦ౛ɚࣟ܄ʂϟۚਏʂΑ଑ड़ʦ૛ʍɳƆϟʺʩʦڹ๻ʜɣ౞ୃɩɯʟɿʃɱʂߞՉˎʪˀʶچยʂ
֩इ࠵ఉॅɻϟʺʩʦ֩इѾୃϬஓɩɯʟ಩์ɠɖʟƆɱɧɻࡾʕɿƅүˎʪˀʶɻ୊ກව୞ɼ୊
ກʂ࠵ఉॅʦബшɩɯƅ֩इ࠵ఉॅʦ૛ʍɳƆ
ACˀ˛˺୊ກʦ଱ๆɫɳࣟ܄ƅƹϟۚਏʦസɷɳʒʒϟʺʩɠ଑࣢ѾୃϬஓƺƅƹϟʺʩɠ౞ୃƺƅ
ƹϟۚਏɠ൓ʠ਩ʂߞшۚਏɿബшƺʂ 3ɸʂߞшۚਏʂബшɠʓʝʠʟƆˎʪˀʶʼʫˁɿʜʝ
ɮࡒഇɿ୊ກව୞ɠଊɘࣟ܄ɻʃϟۚਏʦസɷɳʒʒϟʺʩɠ଑࣢ѾୃϬஓɭʟƆλ൘ƅ୊ກව୞
ɠۿɘࣟ܄ƅϟۚਏʂΑ଑ड़ɠۿɘࣟ܄ʃϟʺʩɠ౞ୃɭʟɠƅΑ଑ड़ɠࡒഇɻɾɘࣟ܄ʃϟۚਏ
ɠ൓ʠɺ਩ʂߞшۚਏɿബшɭʟƆɱʂɳʕƅүˎʪˀʶɻ୊ກව୞ʦബшɩɯƅ୊ກව୞ʃϟʺ
ʩɠ౞ୃɭʟɟƅϟۚਏɠ൓ʠ਩ʂߞшۚਏɿബшɭʟʒɻࣘࢭɩɯɳƆय 6.6ɿϟۚਏɠ൓ʠɮ
ɿϟʺʩɠ౞ୃɭʟځҏʂˎʪˀʶʼʫˁʦߟɭƆಅҼ਻࣐ɼɫɺƅ6.2ঐɻணʝʠɳޝຄߞшࣨ
ੁɿɞɘɺϟۚਏɠټʠʟˎʪˀʶʼʫˁʂځҏʖఌভɻߟɫɳƆ
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य 6.6: ϟۚਏʂΑ଑ड़. ޝຄߞшࣨੁʂΑ଑ड़ (ॳ),ϟʺʩ౞ୃʦ౛ɚࣟ܄ʂϟۚਏΑ଑ड़ (অ).
ϟۚਏɠ൓ʠɮɿϟʺʩɠ౞ୃɭʟࣟ܄ƅѾୃౝأʂਊюɼ֩ɿϟ-౞ϟ਻ɠټʠިʕƅٴʂϟ
ʺʩɼʃ౞਻਑ʂϟʺʩɠ੒ɡɣɾʞ਻ࢶෞɭʟɧɼɻٴʂߞш൘ڽɼʃ౞਻ʂڽɡʂϟʺʩɠޝ
ʟ [15]Ɔλ൘ɻƅ੺ߞ׫ۚਏшɭʟࣟ܄ɻʃϟ-౞ϟ਻ɠࡥټɭʟঽɿϟʺʩɠˎʪˀʶɟʝ੯ࡥɫ
ɺɫʒɚɳʕ౞ୃɠՔɧʝɾɘƆɧʂɼɡƅϟʺʩʂѾୃౝأʃˎʪˀʶʂʯˊʿʒɻਊюɫƅɱ
ʂʒʒˎʪˀʶɟʝ੯ࡥɫɺɫʒɚɧɼɠʣɟɷɳƆʒɳƅ੺ߞ׫ۚਏшɭʟɳʕɿߞшۚਏɿˀ
˛˺ˏ˲ʶɠʏɼʧɽɟɟʝɾɣɾʟƆɱʂɳʕƅ୊ກʦӆɥਞɥɳࣟ܄ɻʖߞшۚਏʂബшɠʏ
58 ੓ 6ࣂ ߞՉϟ౞ୃɿɞɥʟߞՉϟۚਏʂΑ଑ड़
ɼʧɽՔɧʝɮʯ˔˲ʵƟʂബшɠʏɼʧɽɾɣɾʟƆɫɳɠɷɺƅϟۚਏɠΑ଑ɾˎʪˀʶʼʫ
ˁɻɖʟɿʖԟʣʝɮ੺ߞ׫ۚਏɟʝϟۚਏʌബшɭʟɳʕɿ಩์ɾʯ˔˲ʵƟɠணʝʠɮƅλ୞
੺ߞ׫ۚਏшɫɳࣟ܄ƅ୊ກʦӆɥਞɥɺʖϟۚਏɿ෸ʟɧɼʃ٪ʝʠɾɟɷɳƆ
ඕࣂɻߟɫɳٌїʃƅ౞ୃɭʟ݂ࢡʂ୊ກව୞ɻʂٌїɻɖʟɠƅๆɘɳ୊ກව୞Ιࣘʂ୊ກʦ
଱ๆɫɺʖƅϟʺʩɠˎʪˀʶʂʯˊʿɿ੬ɭʟঽɿϟʺʩɠ౞ୃɭʟɳʕƅඕࣂɻணʝʠɳˎʪ
ˀʶʼʫˁʂځҏʃബшɫɾɟɷɳƆʒɳƅ੺ߞ׫ۚਏшڤɿ୊ກʦউʞƅϟۚਏʌߞшۚਏɠബ
шɭʟɟɿɸɘɺ૛ʍɳɼɧʡƅޝຄߞшࣨੁɻϟۚਏɠټʠʟˎʪˀʶʼʫˁɻʖϟۚਏɿʃ෸
ʝɾɘɧɼɠʣɟɷɳƆ
ɧʠʝʂٌїɟʝޝຄߞшࣨੁɿɞɘɺϟۚਏɠࡥټɭʟˎʪˀʶʼʫˁʜʞʖϟʺʩɠΑ଑ɫ
ɺ౞ୃɭʟɿʃඥڻɠڻɘࣟ܄ɿʃˎʪˀʶʂ૥أʦช 20 nmଟ୞ƅඥڻɠషɘࣟ܄ɿʃช 80 nm
ଟ୞ਊюɩɯʟ಩์ɠɖʟɧɼɠʣɟɷɳƆ
ɧɧɻƅ6.2ঐɻ۱ɷɳ٠࣍ɼஔโɿظޔ˂˲Ɖظޔ˩ˎ˲ɿʜʟϳׄʦ૛ʍʟɳʕɿƅ2 nm×2
nm×(ඥڻ)ɼ 4 nm×4 nm×5 nmʂ˂˲ɻ๸ޏшɫɳ˩ˎ˲ɿɸɘɺظޔʦ۱ɷɳƆظޔ˂˲ʂʼ
ʫˁʃˎʪˀʶʂ૥أɠࢡɩɘࣟ܄ɿϳׄɠټʠʘɭɣƅظޔ˩ˎ˲ʃඥڻɠڻɘࣟ܄ɿϳׄʦࠬ
ɥʘɭɘɳʕƅɧɧɻʃ h = 40 nmʂࣟ܄ɿɸɘɺظޔʦ۱ɷɳƆ2 nm×2 nm×(ඥڻ)ʂ˂˲ʦ
ๆɘɳࣟ܄ƅʺʩɠΑ଑ɫɺ౞ୃɭʟְҏʃ૥أɠ 42 nmɟʝ 46 nmʂԝɼֆʕʝʠɳƆʒɳƅ4
nm×4 nm×5 nmʂ˂˲ʦๆɘɳࣟ܄ɻʃ૥أɠ 36 nmɟʝ 40 nmʂԝɼֆʕʝʠɳƆɫɳɠɷ
ɺƅ4 nm×4 nm×(ඥڻ)ʂ˂˲ʦๆɘɺظޔɫɳٌїɼʂܴʃॅ nmɻɖʞƅظޔ˂˲Ɖظޔ˩ˎ
˲ɿʜʟظޔٌїʌʂϳׄʃࢡɩɘɼ۪ɜʝʠʟƆ
6.3.2 ߞՉʯ˔˲ʵƟ
ߘɿˎʪˀʶʂߞՉʯ˔˲ʵƟɟʝϟʺʩɠϟۚਏʦ൓ɩɮɿ౞ୃɭʟˎʪˀʶʼʫˁʂځҏʦ
૛ʍɳƆ
ʒɮϟʺʩ౞ୃߗʘ੺ߞ׫шʂɳʕʂʯ˔˲ʵƟ˗˱ʩʦ૛ʍʟɳʕɿƅAC୊ກɿʜʟϟʺʩ
৭ݩʾ˦ˬ˳Ɵʾˮ˺ʦ۱ɘƅϟʺʩɠ౞ୃɭʟࣟ܄ɼ੺ߞ׫ۚਏшɭʟࣟ܄ʂʯ˔˲ʵƟʂߗԝ
ബшʦ૛ʍɳƆय 6.7ɿϟʺʩɠ౞ୃɭʟࣟ܄ (D = 120 nmƇ h = 20 nmʂˎʪˀʶ)ƅय 6.8ɿ
ߞՉϟɠ൓ʠ੺ߞ׫ۚਏшɭʟࣟ܄ (D = 60 nmƇ h = 20 nmʂˎʪˀʶ)ʂʯ˔˲ʵƟʂߗԝബ
шʦߟɭƆ
य 6.7ƅय 6.8ʂຑ൘ɻ୊ກɿʜɷɺϟʺʩɠѾୃϬஓɫѾୃౝأɠߘ੓ɿਊюɭʟɳʕƅߞՉ
ʯ˔˲ʵƟɠਊюɭʟƆɧɧɻƅүˎʪˀʶʂ੺ߞ׫ۚਏʂʯ˔˲ʵƟɼүۚਏʂʯ˔˲ʵƟʂߗ
ԝബшʦಅҼɭʟɼƅϟʺʩɠ౞ୃɭʟࣟ܄ (य 6.7)ɻʃϟʺʩʂʯ˔˲ʵƟʃ݂੒ɼɾʟϟʺʩ
౞ୃߗɻʖ੺ߞ׫ۚਏʂʯ˔˲ʵƟʜʞଊɘƆɫɳɠɷɺƅय 6.7ɻʃʺʩʃλ୞ɴɥ౞ୃɫƅϟ
ۚਏʦസɷɳʒʒ଑࣢ѾୃϬஓɫɺɘʟƆAC୊ກɿʜʟϟʺʩʂ౞ୃɻʃ୊ກʦກɫਞɥʟɧɼ
ɻъ୞ʖ౞ୃɭʟɼ۪ɜʝʠʟɠƅय 6.7ʂِࣥɻʃ 1µsʒɻ୊ກʦກɫਞɥɺʖߘʂ౞ୃɠ٪ʝ
ʠɾɟɷɳƆɱɧɻƅ୊ກව୞ʦϟʺʩɠ౞ୃɯɮ଑࣢ѾୃϬஓɭʟ j = 4.47×1011 A/m2 ʒɻ
чɦɺஔโʂظޔʦ۱ɷɳɼɧʡϟʺʩɠ଑࣢ѾୃϬஓɭʟঽɿλߗଯɿ଑࣢ѾୃϬஓߗʜʞʖʯ
˔˲ʵƟɠۿɣɾʟɧɼɠҷ௨ɩʠɳƆɫɳɠɷɺƅय 6.7ɻ٪ʝʠʟ౞ୃʃɧʂλߗଯɾʯ˔˲
ʵƟʂࣘࢭߗɿՔɧɷɳʖʂɼ۪ɜʝʠʟƆɧʂ౞ୃʃλ౫ଯɾAC୊ກʦๆɘɳ໓ਞ౞ୃɼʃΪ
ɾʞƅரী୊ກʦ௡ʠɳɧɼɿʜʟ౞ୃɻɖʟɳʕƅʚɷɣʞɼ୊ກʦ௡ʠɳࣟ܄ɿʃ୊ກව୞ʘ
୊ກʂ࠵ఉॅɾɽʂ౞ୃِࣥʃബʣʟɧɼɠ۪ɜʝʠʟƆɫɟɫƅˎʪˀʶʼʫˁɠஔɬɻɖʠʄ
ʚɷɣʞɼ୊ກʦ௡ʠɳࣟ܄ɻʖ݂࠿ଯɿϟʺʩɠ౞ୃɭʟɟ੺ߞ׫ۚਏшɭʟɟʃϟۚਏʂΑ଑
6.3. ϟʺʩʂ౞ୃʦ౛ɚࣟ܄ʂΑ଑ड़ 59
(c)
य 6.7: ϟʺʩ౞ୃߗʂߞՉʯ˔˲ʵƟʂߗԝബшɼߞшۚਏ. งτɼ௝ࣸ (य 2.3ދࢻ)ʃ୊ກʂກ
ʠɺɘʟ൘ڽʦߟɫƅళࣸƅܒࣸʃɱʠɲʠ෣૥+z,-z൘ڽʦ಺ɭ.
ड़ɿʜɷɺىʒʟɳʕஔɬٌїɠணʝʠʟɼ۪ɜʝʠʟƆɫɳɠɷɺƅඕ໱ഓɻணʝʠɳְҏِࣥ
ʌʂϳׄʃɾɘɼ۪ɜʝʠʟƆඕ໱ഓɻʃ౞ୃ୊ກව୞ʦ݂ࢡɟɸλ୞ɻʖ౞ୃɭʟࣟ܄ʂ୊ກව
୞ɼɫɺɘʟɳʕƅय 6.7ɻߟɫɳʜɚɾAC୊ກɻ٪ʝʠʟ໓ਞ౞ୃɻɾɘࣟ܄ɿɸɘɺʖƹϟ
ʺʩʂ౞ୃƺɼɫɳƆλ൘ɻƅ੺ߞ׫ۚਏшɭʟࣟ܄ (य 6.8)ɻʃ੺ߞ׫ۚਏʂʯ˔˲ʵƟʦЈɜ
ɳڤɿ੺ߞ׫ۚਏшɫɺɘʟɧɼɠʣɟʟƆɫɳɠɷɺƅ੺ߞ׫ۚਏшɭʟࣟ܄ɻʃƅˀ˛˺ˏ˲
ʶɿʜɷɺߞшۚਏɠബшɫƅɧʠɿ౛ɘߞՉʯ˔˲ʵƟɠਊюɫƅ౞ୃʦՔɧɭঽɿ੺ߞ׫ۚਏ
ʂʯ˔˲ʵƟʦЈɜʟࣟ܄ɿ੺ߞ׫ۚਏшɭʟɧɼɠʣɟʟƆ
ɧɧɻƅ౞ୃʯ˔˲ʵƟ (ESWT)ʦय 6.7ɿɞɥʟࡾՃʂʯ˔˲ʵƟɼ౞ୃߗʂʯ˔˲ʵƟʂܴ
ɼɭʟɼƅϟۚਏʂʯ˔˲ʵƟɼ౞ୃʯ˔˲ʵƟʦਘɫɳખ (EV+ESWT)ɠ੺ߞ׫ۚਏʂʯ˔˲
ʵƟ (ESD)ʜʞʖࢡɩɘࣟ܄ɿϟʺʩʃ౞ୃɫƅ౞਻ɿ੒ɡɘࣟ܄ɻʃ੺ߞ׫ۚਏшɭʟɧɼɠา
২ɩʠʟƆɱɧɻƅүˎʪˀʶʼʫˁɻ౞ୃɿ಩์ɾʯ˔˲ʵƟʦظޔɫƅ౞ୃʯ˔˲ʵƟɼϟۚ
ਏƅ੺ߞ׫ۚਏʂʯ˔˲ʵƟɟʝϟۚਏɠ൓ʠɮɿ౞ୃɭʟˎʪˀʶʼʫˁʦظޔɫɳƆʒɮƅɭ
ʍɺʂˎʪˀʶʼʫˁɻ౞ୃʯ˔˲ʵƟʂظޔʦ۱ɷɳƆ੺ߞ׫ۚਏшɭʟˎʪˀʶʼʫˁɻʃ౞
ୃߗʂʯ˔˲ʵƟɠணʝʠɾɘɳʕƅ౞ୃɭʟˎʪˀʶʼʫˁʂ౞ୃʯ˔˲ʵƟɟʝിҙɫɺظޔ
ɫɳƆय 6.9ɿˎʪˀʶʂඥڻʦ h = 20 nmɻچ଑ɫƅ૥أʦബшɩɯɳࣟ܄ʂүʯ˔˲ʵƟʂബ
шʦߟɭƆ
ESDƅEV+ESWTƅEVʃɱʠɲʠޝຄߞшࣨੁʂ੺ߞ׫ۚਏʂʯ˔˲ʵƟƅޝຄߞшࣨੁɻʂϟ
ۚਏʂʯ˔˲ʵƟɼ౞ୃʯ˔˲ʵƟʦਘɫ܄ʣɯɳʖʂƅޝຄߞшࣨੁʂϟۚਏʂʯ˔˲ʵƟʦߟɫ
ɺɘʟƆүʯ˔˲ʵƟʃˎʪˀʶʂ૥أɿ਻ɫɺভآɿബшɫƅय 6.8ʂٌїɼஔโɿEV+ESWTɠ
ESDʦЈɜʟࣟ܄ (EV+ESWT > ESD)ɿ੺ߞ׫ۚਏшɭʟɧɼɠʣɟʟƆɫɳɠɷɺƅEV+ESWT
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य 6.8: ߞՉϟɠ൓ʠ੺ߞ׫ۚਏшɭʟࣟ܄ʂߞՉʯ˔˲ʵƟʂߗԝബшɼߞшۚਏ. งτɼ௝ࣸ
(य 2.3ދࢻ)ʃ୊ກʂກʠɺɘʟ൘ڽʦߟɫƅళࣸƅܒࣸʃɱʠɲʠ෣૥+z,-z൘ڽʦ಺ɭ.
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य 6.9: ߞՉˎʪˀʶ૥أɿʜʟүߞՉʯ˔˲ʵƟʂബш. h = 20 nm.
= ESDɼɾʟࣟ܄ɠƅϟۚਏɠ൓ʠɮɿϟʺʩɠ౞ୃɭʟˎʪˀʶʼʫˁʂځҏɻɖʞƅඥڻ h =
20nmʂࣟ܄ƅϟʺʩɠΑ଑ɫɺ౞ୃɭʟɿʃ૥أɠชD = 100nmΙࣘ಩์ɻɖʟɧɼɠʣɟʟƆ
਩ʂඥڻɻʖஔโɿɫɺϟʺʩɠΑ଑ɫɺ౞ୃɭʟځҏʦ૛ʍʟɳʕɿƅESD-(EV+ESWT)ʦү
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ˎʪˀʶʼʫˁɻظޔɫɳƆٌїʦय 6.10ɿߟɭƆ6.3.1۽ɻணʝʠɳϟۚਏɠ൓ʠɮɿϟʺʩɠ
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य 6.10: ˎʪˀʶʼʫˁɿʜʟʯ˔˲ʵƟܴʂബш
ඥڻɠషɘ h = 10 nmΙчɻʃ૥أʦ੒ɡɣɫɺʖϟʺʩɠ౞ୃɯɮɿ੺ߞ׫ۚਏшɫɺɫʒɷ
ɳɳʕƅඥڻ h = 15 nm∼40 nmʒɻʂٌїʦߟɫɳƆணʝʠɳʯ˔˲ʵƟܴɠ˞˰ˀɼɾʟࣟ܄ƅ
ESDɠࡒഇɿ੒ɡɘɳʕƅϟʺʩ౞ୃߗɻʖϟۚਏʂʯ˔˲ʵƟʃ ESDʦЈɜɮɿϟʺʩɠ౞ୃ
ɭʟƆλ൘ɻƅʯ˔˲ʵƟܴɠ˥ʫˑˀɼɾʟࣟ܄ʃƅϟʺʩʂѾୃϬஓયɿESDʦЈɜɺɫʒɘ
੺ߞ׫ۚਏшɭʟƆʯ˔˲ʵƟʂܴɠ 0ɼɾʟࣟ܄ƅϟʺʩѾୃϬஓયʂϟۚਏʂʯ˔˲ʵƟʂ݂
੒ખɠ ESDɼ୾ɫɣɾʟƆɫɳɠɷɺƅESD-(EV+ESWT) = 0ɼɾʟְҏɠϟʺʩʂ౞ୃʦ౛ɚ
ࣟ܄ʂ੺ߞ׫ۚਏшɼϟʺʩʂ౞ୃʦഇɥʟְҏɻɖʟƆ
य 6.10ʂٌїʃƅϟʺʩ౞ୃʾ˦ˬ˳Ɵʾˮ˺ɟʝணʝʠɳϟۚਏɠ൓ʠɮɿ౞ୃɭʟְҏ (य
6.6) ɼʏʐλઠɫɺɞʞƅߞՉʯ˔˲ʵƟɟʝϟʺʩ౞ୃʾ˦ˬ˳Ɵʾˮ˺ɻணʝʠɳٌїʂਰ୻
ड़ɠҷ௨ɩʠɳƆɫɟɫƅඥڻɠ h = 30 nmΙࣘɻඥڻɠਊюɭʟɿɸʠɺ౞ୃʾ˦ˬ˳Ɵʾˮ
˺ɟʝணʝʠɳٌїɼʂɮʠɠ੒ɡɣɾɷɺɡɺɘʟƆɧʠʃƅ౞ୃʯ˔˲ʵƟɠำഇɿ੒ɡɣண
ʝʠɳɳʕɻɖʟɼ۪ɜʝʠʟƆ஦ɿƅඥڻɠڻɣƅ૥أɠࢡɩɘɼɧʡɻʃ౞ୃߗʂߞшۚਏɠ
ബшɭʟӍ܄ɠ੒ɡɘɳʕƅࡸहɾ౞ୃɿ಩์ɾʯ˔˲ʵƟΙҙʂʯ˔˲ʵƟɠюʣɷɳɼवਗɩ
ʠʟƆ
ɧɧɻƅ6.3ঐɻணʝʠɳٌїʃഓ٤ [54]ɻߟɩʠɺɘʟٌїɼʏʐλઠɫɳƆλ୞ϟۚਏɠ੺
ߞ׫ۚਏшɫɳࣟ܄ɿƅ୊ກʦউɷɳڤɻʖϟۚਏʌ෸ʝɾɘɧɼɟʝʖʣɟʟʜɚɿ੺ߞ׫ۚਏ
шڤʃʯ˔˲ʵƟ׎ࢡࣨੁɻɖʟƆɫɳɠɷɺƅഓ٤ [54]ɻணʝʠɺɘʟʯ˔˲ʵƟ׎ࢡࣨੁɼ
6.3ঐɻணʝʠɳְҏِࣥʂٌїɠλઠɭʟɧɼɠʣɟɷɳƆ
݂ڤɿƅ6.2ঐƅ6.3.1۽ɻ۱ɷɳ٠࣍ɼஔโɿظޔ˂˲Ɖظޔ˩ˎ˲ɿʜʟϳׄʦ૛ʍʟɳʕɿƅ
2 nm × 2 nm × (ඥڻ)ɼ 4 nm × 4 nm × 5 nmʂ˂˲ɻ๸ޏшɫɳ˩ˎ˲ɿɸɘɺظޔʦ۱ɷɳƆ
ɧɧɻʃƅඕࣂɻணʝʠɳΑ଑ड़ʂְҏɿפɣƅ݂ʖඥڻɠڻɘD = 60 nm, h = 40 nmɿɸɘɺ
ظޔʦ۱ɷɳƆ2 nm × 2 nm × (ඥڻ)ɼ 4 nm × 4 nm × (ඥڻ)ɻ๸ޏшɫɳ˩ˎ˲ʂٌїʦಅ
Ҽɭʟɼ 7 pergଟ୞ʂܴɠʓʝʠɳƆʒɳƅ2 nm × 2 nm × (ඥڻ)ɼ 4 nm × 4 nm × 5 nmɻ๸
ޏшɫɳ˩ˎ˲ʂٌїʦಅҼɫɳࣟ܄ɻʃ 9 pergଟ୞ʂܴɠʓʝʠɳƆh = 40 nmʂࣟ܄ƅʯ˔
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˲ʵƟʃ૥أɠช 60 nmബшɫɳߗɿ 200 pergബшɫɺɘʟɳʕƅΑ଑ड़ְҏʌʂϳׄʃ݂੒ɻ
૥أ 3 nmଟ୞ɻɖʟɼ۪ɜʝʠʟƆʒɳƅޝຄߞшࣨੁɻʃ૥أƅඥڻɠD = 80 nmƅh = 30
nmΙࣘɻ 3ߘٴ˩ˎ˲ʦๆɘɳࣟ܄ɿඥڻ൘ڽɿʁɬʠɳۚਏɠࡥټɭʟɧɼɠҷ௨ɩʠɳƆɱ
ʂɳʕƅʯ˔˲ʵƟɿʜʟ಻ьɻʁɬʠɳۚਏɠิɜʟϳׄʦҷ௨ɭʟɳʕɿ h = 30 nmɿɞɘ
ɺʺʩɠΑ଑ɭʟְҏʦ૛ʍɳƆٌїɼɫɺƅְҏʃ૥أ 69 nmɼֆʕʝʠƅ2ߘٴ˩ˎ˲ʂٌї
ɼʏʐλઠɭʟɧɼʦҷ௨ɫɳƆΙࣘʂɧɼɟʝظޔ˂˲Ɖظޔ˩ˎ˲ɿʜʟظޔٌїʌʂϳׄʃ
ࢡɩɘɼ۪ɜʝʠʟƆ
6.4 ʒɼʕ
ඕ໱ഓɻʃƅ˥ʫʶ˴˥ʷ˔ˍʪˊ ʶʾ˦ˬ˳Ɵʾˮ˺ʦๆɘɺƅϟʺʩʂۚਏɠ൓ʠɮɿߞш
౞ୃɭʟˎʪˀʶʼʫˁʂِࣥʦֆʕɳƆɧʂِࣥʂ಻ьʃƅߞш౞ୃʾ˦ˬ˳Ɵʾˮ˺ʦๆɘɺ
૛ʍƅɩʝɿߞш౞ୃߗʂʯ˔˲ʵƟɟʝணʝʠɳٌїʂਰ୻ड़ʦ૛ʍɳƆ
ߞш౞ୃʾ˦ˬ˳Ɵʾˮ˺ɻʃƅϟۚਏɠ൓ʠɺ੺ߞ׫ۚਏшɭʟࣟ܄ƅʺʩʂߞш౞ୃʃՔɧ
ʝɮƅϟʺʩʂѾୃౝأʃˎʪˀʶʂʯˊʿʒɻਊюɫƅɱʂʒʒ੯ࡥɭʟɧɼɠʣɟɷɳƆʒɳƅ
ߞш౞ୃߗʂʯ˔˲ʵƟɟʝʃƅˀ˛˺ˏ˲ʶɿʜɷɺߞшۚਏɠബшɫƅɧʠɿ౛ɘߞՉʯ˔˲
ʵƟɠਊюɫƅ౞ୃʦՔɧɭঽɿ੺ߞ׫ۚਏʂʯ˔˲ʵƟʦЈɜʟࣟ܄ɿ੺ߞ׫ۚਏшɭʟɧɼɠ
ʣɟɷɳƆɧʠʝʂ಻ьࠡ൚ɻணʝʠɳϟۚਏɠ൓ʠɮɿ౞ୃɭʟِࣥʃʏʐλઠɫƅߞш౞ୃߗ
ʂʯ˔˲ʵƟɟʝߞш౞ୃʾ˦ˬ˳Ɵʾˮ˺ɻணʝʠɳٌїʂਰ୻ड़ʦҷ௨ɫɳƆɧɧɻணʝʠɳ
ِࣥɟʝƅޝຄߞшࣨੁɻϟۚਏɠΑ଑ɫɺټʠʟʂɿ಩์ɾˎʪˀʶʼʫˁʜʞʖƅϟۚਏʦ൓
ɩɮɿϟʺʩɠ౞ୃɭʟɿʃ 20∼80 nmଟ୞ˎʪˀʶʂ૥أʦ੒ɡɣɭʟ಩์ɠɖʟɧɼʦߟɫƅ
๭ๆя௾ɾ݂ࢡˎʪˀʶʼʫˁʃ 40 nm ɻɖʟɧɼʦߟɫɳƆ
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6ࣂɻʃƅ˨˩˱ʂࡍঀ୞ɿશෳɫƅϟʺʩ౞ୃߗʂߞՉϟۚਏʂΑ଑ड़ɿɸɘɺթ໱ɫɳƆඕ
ࣂɻʃƅߞՉϟʺʩʂ౞ୃʯ˔˲ʵƟʂଊٹʦෳଯɼɫƅ˘ˊʶ˥˺ˎʪˀʶ௅ʂϟʺʩ౞ୃɿɸ
ɘɺ૛ʍʟƆ
ϟۚਏʃಒ࣢ɿΑ଑ɻɖʟɳʕɿƅɧʂۚਏʦബшɩɯʟɧɼƭϟʺʩʂ౞ୃƮʃܟ௔ɼ۪ɜʝ
ʠɺɘɳƆפ௰ƅߞҏʘˀ˛˺୊ກʦๆɘɺϟʺʩʦ౞ୃɩɯʟ൘൚ɠଚΕɩʠƅߞՉϟ˨˩˱߹
ټʂя௾ड़ɠߟɩʠɳ [12,15,16,67,68]Ɔɫɟɫƅɧʠʝʂࠡ൚ʂϟʺʩ౞ୃɻʃƅˎʪˀʶ௅ɻ
ϟ-౞ϟʺʩɠ१ढ़ɩʠƅ१ढ़ɩʠɳ౞ϟʺʩɼٴʂʺʩɠ਻ࢶෞɭʟɧɼɻ౞ୃɠՔɧʟƆɧʂࠡ
൚ɻʃƅϟ-౞ϟʺʩ਻ʂ१ढ़ɿਪɣʂʯ˔˲ʵƟɠ಩์ɻɖʟɳʕƅߞՉϟ˨˩˱ʦ߹ټя௾ɾ
˳ˠ˲ɻʂ౞ୃߞҏƅ౞ୃ୊ກව୞ʃරɴൎ܍ɩʠɺɘɾɘƆඕࣂɻʃƅɩʝɾʟ౞ୃߞҏƅ౞ୃ
୊ກʂଊٹʂɳʕɿƅϟ-౞ϟʺʩ਻ʦϟʺʩʂ౞ୃɿๆɘɾɘࠡ൚ɼɫɺƅˎʪˀʶʂآࣨʦബɜ
˘ˊʶ˥˺ˎʪˀʶ [55,56]ʦ๭ๆɭʟࠡ൚ʦଚΕɫƅ˥ʫʶ˴˥ʷ˔ˍʪˊ ʶʾ˦ˬ˳Ɵʾˮ˺ʦ
ๆɘɺƅɱʂڹїɿɸɘɺ૛ʍɳƆ
ɧʠʒɻʂ˘ˊʶ˥˺ˎʪˀʶʦๆɘɳ٥֋ʃƅ˕ˊˈҺ୞ɿʜʟ˘ˊʶ˥˺ˎʪˀʶયʂߞш
ۚਏԘݺɼ෣௅ҙೱߞࣟɿʜʟϟʺʩʂ౞ୃߞࣟਗ଑ʦ۱ɷɳ٥֋ [55]ƅ˘ˊʶ˥˺ˎʪˀʶɿτ
юɭʟ෣௅ҙೱߞࣟʂ൘ڽƅˎʪˀʶʂڻɩƅ૥أʦബшɩɯƅ१ढ़ɭʟߞՉϟʂѾୃ൘ڽɼϟʺ
ʩʂڽɡʦ૛ʍɳൎ܍ɠɩʠɺɘʟ [56]Ɔɫɟɫƅܞʒɻɿ˘˲ˀߞҏʦๆɘɺϟʺʩʂ౞ୃՆۚ
ʘ౞ୃِࣥɿɸɘɺʃൎ܍ɩʠɺɘɾɘƆɱɧɻඕࣂɻʃ˘˲ˀߞҏƅˀ˛˺୊ກɿʜʟ˘ˊʶ˥
˺ˎʪˀʶ௅ʂϟʺʩ౞ୃɿɸɘɺ૛ܵɫƅϟʺʩ౞ୃɿ಩์ɾ˘˲ˀߞҏֲ୞ƅ୊ກව୞ƅ˘˲
ˀ೺ƅ˘˲ˀఉآƅ˘ˊʶ˥˺ʂآࣨΜਣड़ɿɸɘɺ૛ʍɳƆʒɳƅࡓ๝ʂʺʩ਻ʦๆɘɳ౞ୃɼ
ಅҼɭʟɳʕɿƅஔʼʫˁʂˎʪˀʶɿɸɘɺʖ౞ୃɿ಩์ɾ˘˲ˀߞҏֲ୞ƅ୊ກව୞ʦ૛ܵɫƅ
˘ˊʶ˥˺ˎʪˀʶʦๆɘɳࣟ܄ɼಅҼɫɳƆ
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7.1 ظޔ˩ˎ˲
य 7.1ɿظޔɻๆɘɳ (a)ˎʪˀʶɼ (b)˘ˊʶ˥˺ˎʪˀʶʦߟɭƆ
(a) Ќˎʪˀʶ (b) ˘ˊʶ˥˺ˎʪˀʶ
य 7.1: ˎʪˀʶآࣨ.
ˎʪˀʶɼ˘ˊʶ˥˺ˎʪˀʶʂ૥أʃD = 200 nmƅඥڻ h = 40 nmʂ Permalloyݛ (ݛດ଑
ॅʃƅڱԀˀˍʪˊ ˜˔ˀ଑ॅA = 1×10−6 erg/cm, ൩໳ߞшMs = 800 emu/cm3, Ϊ൘ड़଑ॅKu
= 0, Gilbertˇ˺˛˺ʷ଑ॅ α = 0.01)ʦๆɘɳƆ˘ˊʶ˥˺ˎʪˀʶʂ˕ˊˈʼʫˁʃЌ࠵ҙ਑
ɟʝऍɩ d = 80 nmƅ˕ˊˈҺ୞ θ = 25ǎɼɫɳ (7.5ঐΙҙ)Ɔ˘˲ˀߞҏ (Hx)ʃƅˎʪˀʶɿ
਻ɫɺ x߫൘ڽɿτюɫɳƆʒɳƅүˎʪˀʶʂظޔມηʃ 2 nm×2 nm×2.5 nmʂ૥൘ਹ˂˲ɻ
๸ޏшɫƅү˂˲௅ʂߞՉ˩Ɵ˨˺ˏʃ LLG൘ଟߧɿࡓɷɺϬஓɭʟʖʂɼɫɺظޔɫɳƆ
7.2 ˘˲ˀߞҏɿʜʟˎʪˀʶ௅ʂϟʺʩ౞ୃ
˘ˊʶ˥˺ˎʪˀʶʦๆɘɳظޔʦ۱ɚঽɿƅ˘ˊʶ˥˺ˎʪˀʶ௅ʂϟʺʩ౞ୃʂಅҼ਻࣐ɼ
ɫɺƅˎʪˀʶʦๆɘɳࣟ܄ʂࡓ๝ʂϟơ౞ϟʺʩ਻ʦๆɘɳ౞ୃɿɸɘɺ૛ʍɳƆඕࣂɻʃƅ˘
˲ˀߞҏʂֲɩƅ˘˲ˀૠʦബшɩɯƅ౞ୃʂโޫɼƅ౞ୃɿ಩์ɾߞҏʂֲɩʦ૛ʍɳƆ
ˎʪˀʶ௅ʂϟʺʩ౞ୃʂโޫʦय 7.2(a-d)ɿߟɭƆ˘˲ˀߞҏʂِࣥʃय 7.2(e)ɿߟɭʜɚɿ
Hx = 300 Oeƅ˘˲ˀૠ tp = 0.50 nsʂ׮آఉ˘˲ˀߞҏɻɖʟƆ
ɧɧɻʃƅ˘˲ˀߞҏʂ๼ɵࣘɠʞ (tr)ƅ๼чʞߗԝ (tf)ʃɱʠɲʠ 0ɼɫɳƆय 7.2 (a-d)ʃү
ߗԝɿɞɥʟ෣௅ߞшۚਏʦ಺ɭ (य 7.2(e)યʂ (a-d)୅)Ɔt = 0.000 nsɻʃƅϟʺʩʃˎʪˀʶ
ʂયअɿ+z(ళࣸ)ɻਣݚɫɺɘʟ (य 7.2(a))Ɔ˘˲ˀߞҏʦτюɭʟɼϟʺʩʃЌʦಾɡɾɠʝΫ
ஓɫ (य 7.2(b))ƅλ଑ʂਙ୞ɿ੬ɭʟɼV-AV਻ɠ१ढ़ɩʠ (य 7.2 (c))ƅ१ढ़ɩʠɳ౞ϟʺʩɼٴ
ʂϟʺʩɠ਻ࢶෞɫ౞ୃɭʟ (य 7.2 (d))Ɔ
ߘɿƅ˘˲ˀߞҏʂֲɩɼƅ˘˲ˀૠʦബшɩɯɺƅүِࣥɻʂ౞ୃʂย෌ʦ૛ʍɳƆٌїʦय
7.3ɿߟɭƆɧʂयɻʃƅঅʂມηʂِࣥɻϟʺʩɠ౞ୃɫƅళʂມηʂِࣥɻʃ౞ୃɠ٪ʝʠɾ
ɟɷɳƆ
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य 7.2: ˀˑˊ˞ʾˮˊ ˏ. งτɼ௝ࣸʃ෣௅ (य 2.3ދࢻ)ƅళƅܒࣸʃ+z,-zʂߞш൘ڽʦߟɭ. (a)
ࡾՃߞшࣨੁ, t = 0.000 ns. (b)t = 0.320 ns. (c)ϟ-౞ϟʂࡥټ,t = 0.620 ns. (d)ϟʺʩ౞ୃ,t =
0.680 ns. (e)˘˲ˀߞҏʂߗԝബш. Hx = 400 Oe, tp = 0.5 ns.
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य 7.3: ˘˲ˀૠƅ˘˲ˀߞҏɿʜʟϟʺʩ౞ୃʂബш. অ:ϟʺʩ౞ୃɖʞƅళ:ϟʺʩ౞ୃɾɫ.
ʺʩʂ౞ୃɿʃ݂ࢡɻʖHx = 320 Oeʂߞҏɠ಩์ɻɖʟƆʒɳƅ˘˲ˀૠɿʜɷɺϟʺʩʂ
౞ୃʂย෌ɠइஓɫɺɘʟɧɼɠʣɟʟƆɧʠʃƅߞҏʦউʟˆʫ˦˺ʷɼϟʺʩʂΛટɿʜʟʖ
ʂɻɖʟƆHx = 400 Oeɻچ଑ɫƅ౞ୃɭʟࣟ܄ (tp = 0.50 nsƅय 7.3 ୅ (a))ʂโޫʦय 7.4ɿƅ
౞ୃɫɾɘࣟ܄ (tp = 0.80 nsƅय 7.3 ୅ (b))ʂโޫʦय 7.5ɿߟɭƆ
˘˲ˀߞҏʦτюɭʟɼϟʺʩʃЌʦಾɡɾɠʝϬஓɭʟ (य 7.4(b)ƅय 7.5(b,c))Ɔ˘˲ˀߞҏ
ʂֲ୞ɠஔɬࣟ܄ƅϟʺʩʃஔਙ୞ɻѾୃϬஓɭʟƆɱʂɳʕƅ˘˲ˀߞҏʂ˘˲ˀૠʦബшɩɯ
ʟɼƅ˘˲ˀߞҏʦউɷɳߗʂϟʺʩʂΛટɠΪɾʟ (य 7.4(b)ƅय 7.5(c))Ɔɧʂɼɡƅϟʺʩɠ
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य 7.4: ˀˑˊ˞ʾˮˊ ˏ. งτɼ௝ࣸʃ෣௅ (य
2.3ދࢻ)ƅళƅܒࣸʃ+z,-zʂߞш൘ڽʦߟɭ.
Hx = 400 Oe, tp = 0.50 ns. (a)ࡾՃߞшࣨੁ,
t = 0.000 ns. (b)t = 0.500 ns. (c)ϟ-౞ϟʂࡥ
ټ,t = 0.620 ns. (d)ϟʺʩ౞ୃ,t = 0.740 ns.
(e)˘˲ˀߞҏʂߗԝബш.
य 7.5: ˀˑˊ˞ʾˮˊ ˏ. งτɼ௝ࣸʃ෣௅ (य
2.3ދࢻ)ƅళƅܒࣸʃ+z,-zʂߞш൘ڽʦߟɭ.
Hx = 400 Oe, tp = 0.80 ns. (a)ࡾՃߞшࣨੁ,
t = 0.000 ns. (b)t = 0.440 ns. (c)˘˲ˀߞҏ
࠿ຎ, t = 0.800 ns. (d)t = 1.000 ns. (e)˘˲ˀ
ߞҏʂߗԝബш.
ˎʪˀʶયअɟʝ๸ʠɺɘʟࣟ܄ (य 7.4(b))ʃƅ˘˲ˀߞҏɠউʠʟɼϟʺʩʃˎʪˀʶયअɿω
ɡԺɯʝʠʟ೹ٴຢɿʜɷɺV-AV਻ɠ१ढ़ɩʠ (य 7.4(c))ƅϟʺʩɠ౞ୃɭʟ (य 7.4(d))Ɔλ൘
ɻƅϟʺʩɠˎʪˀʶʂયअ೒פɿ෸ɷɺɡɺɘʟࣟ܄ (य 7.5(c))ʃƅ೹ٴຢɠࠜɘɳʕV-AV਻
ɠ१ढ़ɩʠɮ౞ୃɫɾɘ (य 7.5(d))ƆɧʂʜɚɿϟʺʩʂЌϬஓɼ˘˲ˀߞҏʦউʟˆʫ˦˺ʷɿ
ʜɷɺϟʺʩʂ౞ୃʃ˘˲ˀૠɿʜɷɺइஓɭʟƆ
˘˲ˀߞҏʂֲ୞ɠHx > 600 OeɻʃƅΪɾʟ౞ୃ˨ʲ˒ˁ˧ɠ٪ʝʠʟƆHx > 600 Oeɻ౞
ୃɭʟࣟ܄ (Hx = 650 Oe, tp = 1.00 ns, य 7.3 ୅ (c))ʂโޫʦय 7.6ƅ౞ୃɫɾɘࣟ܄ (Hx = 650
Oe, tp = 1.50 ns, य 7.3 ୅ (d))ʂโޫʦय 7.7ɿߟɭƆ
˘˲ˀߞҏʂֲ୞ɠֲɘࣟ܄ƅϟʺʩʃ˘˲ˀߞҏτюયɿ V-AV਻ʦ१ढ़ɩʠʟ (य 7.6(b)ƅ
य 7.7(b))Ɔɱʂڤƅϟʺʩʃ౞ୃɫЌϬஓɭʟ (य 7.6(c)ƅय 7.7(c))Ɔ˘˲ˀߞҏʦউʟߗԝ (य
7.6(c)ƅय 7.7(c))ɻʂϟʺʩΛટʦಅҼɭʟɼ౞ୃɭʟࣟ܄ʂ൘ɠˎʪˀʶʂયअɿפɘƆˎʪˀ
ʶʂયअɟʝ๸ʠɺɘʟࣟ܄ (य 7.7(c))ƅϟʺʩʃ೹ٴຢɿʜɷɺٴƜʂΑ଑Λટɿ෸ʡɚɼɫƅ
ɧʂϬஓɿʜɷɺV-AV਻ɠ१ढ़ɩʠ (य 7.7(d))ϟʺʩɠ౞ୃɭʟƆɫɳɠɷɺƅ2୞ϟʺʩɠ౞
ୃɭʟɳʕϟʺʩʃࡾՃࣨੁʂϟʺʩɼஔɬɿɾʟƆ
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य 7.6: ˀˑˊ˞ʾˮˊ ˏ. งτɼ௝ࣸʃ෣௅ (य
2.3ދࢻ)ƅళƅܒࣸʃ+z,-zʂߞш൘ڽʦߟɭ.
Hx = 650 Oe, tp = 1.00 ns. (a)ࡾՃߞшࣨੁ,
t = 0.000 ns. (b)ϟ-౞ϟࡥټɼ౞ୃ,t = 0.160
ns. (c)˘˲ˀߞҏ࠿ຎ, t = 1.000 ns. (d)t =
1.240 ns. (e)˘˲ˀߞҏʂߗԝബш.
य 7.7: ˀˑˊ˞ʾˮˊ ˏ. งτɼ௝ࣸʃ෣௅ (य
2.3ދࢻ)ƅళƅܒࣸʃ+z,-zʂߞш൘ڽʦߟɭ.
Hx = 650 Oe, tp = 1.50 ns. (a)ࡾՃߞшࣨੁ,
t = 0.000 ns. (b)ϟ-౞ϟࡥټɼ౞ୃ,t = 0.160
ns. (c)˘˲ˀߞҏ࠿ຎ, t = 1.500 ns. (d)ϟ-౞
ϟࡥټɼ݁౞ୃ,t = 1.620 ns. (e)˘˲ˀߞҏʂ
ߗԝബш.
7.3 ˘˲ˀߞҏɿʜʟ˘ˊʶ˥˺ˎʪˀʶ௅ʂϟʺʩ౞ୃ
ඕࣂɻʃƅඕ੕ɻɖʟ˘ˊʶ˥˺ˎʪˀʶ௅ʂϟʺʩ౞ୃɿɸɘɺ૛ܵɫɳƆˎʪˀʶʦๆɘɳ
ظޔɼஔโɿƅ౞ୃɿ಩์ɾߞҏʂֲɩɼ˘˲ˀૠʦ૛ʍƅ˘ˊʶ˥˺ʂ˕ˊˈʼʫˁΜਣड़ɿɸ
ɘɺʖթ໱ɫɳƆ
7.3.1 ʩʾˀˏߞҏɾɫ
˘ˊʶ˥˺ˎʪˀʶɿɞɥʟϟʺʩ౞ୃʂโޫʦय 7.8(a-d)ɿߟɭƆ
˘˲ˀߞҏʂِࣥʃय 7.8(e)ɿߟɭʜɚɿHx = 100 Oeƅ˘˲ˀૠ tp = 2.00 nsʂ׮آఉ˘˲
ˀߞҏɻɖʟƆɧɧɻʃƅ˘˲ˀߞҏʂ๼ɵࣘɠʞ (tr)ƅ๼чʞߗԝ (tf)ʃɱʠɲʠ 0ɼɫɳƆय
7.8: ʺʩʂ౞ୃƅHx=100Oe, tp=2.000ns
t = 0.00 nsɻʃƅϟʺʩʃˎʪˀʶʂયअɿ+z൘ڽ (ళࣸ)ʦڽɘɺਣݚɫɺɘʟ (य 7.8(a))Ɔ
˘˲ˀߞҏʦτюɭʟɼϟʺʩʃЌʦಾɡɾɠʝ˕ˊˈೱഇʒɻΫஓɫ (य 7.8(b))ƅˎʪˀʶɟʝ
ࢶෞɭʟ (य 7.8(c))Ɔ˘˲ˀߞҏτюયʃƅϟʺʩɠɾɘࣨੁɠਞɡƅ˘˲ˀߞҏʦউɷɳڤɿ˕ˊ
ˈʂগઅɟʝ-z(ܒࣸ)൘ڽʂϟʺʩɠ१ढ़ɩʠʟ (य 7.8(d))ƆɱʂڤƅϟʺʩʃѾୃϬஓɫɾɠʝ
ˎʪˀʶʂયअɿΫஓɭʟƆ
य 7.9ɿߞҏֲ୞ɼ˘˲ˀૠʦബшɩɯɳߗʂʺʩʂ౞ୃɠ٪ʝʠʟِࣥʦߟɭƆߞҏֲ୞ʃ 10
Oe܌ʓƅ˘˲ˀૠʃ 0.01 ns܌ʓɻബшɩɯɳƆ
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य 7.8: ˀˑˊ˞ʾˮˊ ˏ. งτɼ௝ࣸʃ෣௅ (य 2.3ދࢻ)ƅళƅܒࣸʃ+z,-zʂߞш൘ڽʦߟɭ. Hx
= 100 Oe, tp = 2.00 ns. (a)ࡾՃߞшࣨੁ, t = 0.000 ns. (b)˕ˊˈʌΫஓ,t = 0.500 ns. (c)ϟʺ
ʩࢶෞ, t = 0.940 ns. (d)ϟʺʩʂ݁ࡥټ,t = 2.340 ns. (e)˘˲ˀߞҏʂߗԝബш.
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य 7.9: ˘˲ˀૠƅ˘˲ˀߞҏɿʜʟϟʺʩ౞ୃʂബш. অ:ϟʺʩ౞ୃɖʞ (V-AV)ƅॳ:ϟʺʩ౞
ୃɖʞ (ࢶෞ-ࡥټ)ƅళ:ϟʺʩ౞ୃɾɫ.
ϟʺʩʃঅɼॳʂມηɻ౞ୃɫƅళʂມηɻʃϟʺʩʂ౞ୃʃ٪ʝʠɾɟɷɳƆ˘ˊʶ˥˺ˎʪ
ˀʶ௅ʂϟʺʩʂ౞ୃʃ 2૳ʞʂ˨ʲ˒ˁ˧ɻՔɧʟƆॳʂມη (Hx < 470 Oe)ɻʃƅϟʺʩʃय
7.8(a-d)ɻߟɫɳV-AV਻ʂ१ढ़ƅࢶෞɠՔɧʝɾɘ౞ୃɠՔɧʟƆλ൘ɻƅঅʂມη (Hx > 470
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Oe)ɻʃƅय 7.6 (a-b)ƅय 7.7(a-b)ɻߟɫɳʜɚɿƅϟʺʩɠ˕ˊˈɿஃ੬ɭʟঽɿV-AV਻ʂ१
ढ़ƅࢶෞɠՔɧʞƅϟʺʩɠ౞ୃɭʟƆ
य 7.9ɻʃƅϟʺʩɠߞҏʂֲ୞ƅ˘˲ˀૠɿԟʣʝɮ೑Ց਒ɿ౞ୃƅಒ౞ୃɠټʠɺɘʟƆɧ
ʂ๲ศʦ෗ʝɟɿɭʟɳʕɿƅ˕ˊˈܧٴɻʂ෣૥൘ڽʂചהߞш (< mz >)ɼചהߞшʂߗԝബ
шຟ (d(< mz >)/dt)ʂ˘˲ˀߞҏʦউʟঽڤɻʂߗԝബшʦ૛ʍɳƆചהɫɳມηʃय 7.1(b) (b)
ʂঅ໹ೱഇɻƅϟʺʩʂʼʫˁɼஔଟ୞ʂ 12 × 12 nm2ɼɫɳƆय 7.10(a)ƅय 7.10(b)ɿɱʠɲʠ
ϟʺʩɠ౞ୃɭʟࣟ܄ (tp = 6.00 ns)ɼ౞ୃɫɾɘࣟ܄ (tp = 5.90 ns)ʂٌїʦߟɭƆ
-0.5
-0.4
-0.3
-0.2
-0.1
0
0.1
5.8 5.9 6 6.1 6.2
-10
-8
-6
-4
-2
0
2
<m
z>
d(
<m
z
>)
/d
t
t (ns)
<mz>
d(<mz >)/dt
0.05 ns
(a) ౞ୃยʞ, Hx = 100.0 Oe, tp = 6.000 ns
-0.2
0
0.2
0.4
0.
0.
. . . .2
-2
0
2
4
m
d
m
dt
t
m
d m dt
0.05 ns
(b) ౞ୃ෌ɫ, Hx = 100.0 Oe, tp = 5.900 ns
य 7.10: mz,d(< mz >)/dtʂߗԝബш
य 7.10 (a-b)ɟʝƅ< mz >ɼ d(< mz >)/dtʃ˘˲ˀߞҏʦউʟঽɻࢡɩɣइஓɭʟƆ˘˲ˀ
ߞҏʦউɷɳڤƅช 0.05 nsڤɿ d(< mz >)/dtɠփلɿٹࢢʒɳʃਊюɫƅਞɥɺ< mz >ɠٹ
ࢢʒɳʃਊюɭʟƆʒɳƅ< mz >ʂബшʏɼʧɽ٪ʝʠɾɘ 0.05 nsʂرѬߗԝʃ˘˲ˀߞҏʂ
ֲ୞ƅ˘˲ˀૠɿԟʣʝɮʏʐλ଑ɻɖʟɧɼʖʣɟɷɳƆɫɳɠɷɺƅࡥټɭʟʺʩʃ˘˲ˀߞ
ҏʦউɷɺɟʝ 0.05 nsرѬɫɳߗʂ< mz >ʂڽɡɼஔɬɻɖʟɧɼɠา২ɩʠƅ˥ʫˑˀ (˞˰
ˀ)ʂ< mz >ʃɱʠɲʠчڽɡ (ࣘڽɡ)ʂʺʩʦࡥټɩɯʟƆɧɧɻƅɧʂرѬߗԝʦϟʺʩʂ
१ढ़ߗԝɼ଑զɭʟƆ
< mz >ɼࡥټɭʟϟʺʩʂڽɡʦ૛ʍʟɳʕɿƅ< mz >ʂߗԝബшɼϟʺʩʂ౞ୃɭʟມη
ʦಅҼɫɳƆय 7.11ɿHx = 100 Oeʦ t = 6.00 nsʒɻτюɫɳߗʂ < mz >ʂߗԝബшɼϟʺ
ʩɠ౞ୃɭʟມηʦߟɫɳƆܒভʃঅ໹ມηɻʂ< mz >ʂߗԝബшƅॳʂມηʃϟʺʩɠ౞ୃɭ
ʟມηʦߟɭƆʒɳƅ< mz >ʂഇޏʦঅʂʷ˰ˎƟʾˮ˺ɻߟɫɳƆϟʺʩʂ१ढ़ߗԝʦ۪຋ɭ
ʟɳʕɿƅ< mz >ɼ< mz >ʂഇޏʃ-0.05 nsɮʝɫɺߟɫɳƆ
ˀ˛˺ఉɠϟʺʩʂࢶෞߗɿ˕ˊˈܧඕ೒פɟʝ౎१ɭʟɳʕƅt = 0.84 nsɟʝ < mz >ɠ੒
ɡɣइஓɭʟɠƅइஓʃߗԝɼɼʖɿٹऻɫɺɘɣƆ< mz >ʂڽɡɼ౞ୃʂย෌ɠʏʐλઠɫɺ
ɘʟ (य 7.11(a))Ɔɫɟɫƅ౞ୃມη (ॳ)ɼಒ౞ୃມη (ళ)ʃ< mz >ɼӷুɿʃλઠɫɺɘɾɘ
(य 7.11(b))Ɔɧʂ৷βʃ< mz >ʂഇޏ (অʂʷ˰ˎƟʾˮ˺)ʦ۪຋ɭʟɧɼɻ঑෗ɻɡʟƆɧ
ʠʝʂٌїʃƅ˘˲ˀߞҏʦউɷɳߗɟʝ 0.05 nsرѬɫɳߗʂ< mz >ʂڽɡɠࡥټɭʟϟʺʩ
ʂڽɡʦىʕɺɘʟɧɼʦߟɫɺɘʟƆʒɳƅय 7.9ʂ೑Ց਒ɾϟʺʩʂ౞ୃʃϟʺʩࢶෞɿʜʟ
ˀ˛˺ఉʂ౎१ɿʜʟʖʂɻɖʟɧɼʦߟɫɺɘʟƆ
ɧɧɻƅЌˎʪˀʶʦๆɘɳߗʂ݂ࢡ౞ୃߞҏ (7.2ঐ)ɼ˘ˊʶ˥˺ˎʪˀʶʦๆɘɳߗʂ݂ࢡ
౞ୃߞҏʦಅҼɭʟƆˎʪˀʶʦๆɘɳࣟ܄ɻʃ݂ࢡ౞ୃߞҏʃHx = 320 Oeɻɖɷɳʂɿ਻ɫƅ
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य 7.11: ϟʺʩ౞ୃɼ< mz >ʂߗԝബш
˘ˊʶ˥˺ˎʪˀʶʦๆɘɳࣟ܄ɻʃHx = 90 Oeɠ݂ࢡ౞ୃߞҏɻɖɷɳƆɸʒʞƅ౞ୃߞҏʦ
72 %ଊٹɭʟɧɼʦߟɫɳƆ
7.3.2 ʩʾˀˏߞҏɖʞ
7.3.1۽ɻʃƅ˘ˊʶ˥˺ˎʪˀʶʦๆɘʟɧɼɻ౞ୃߞҏʦଊٹɭʟɧɼʦߟɫɳƆɫɟɫƅϟ
ʺʩɠࢶෞɭʟݘɿ౎१ɭʟˀ˛˺ఉɿʜɷɺ౞ୃ൘ڽʦक़ڥɭʟɧɼɠ௔ɫɘɧɼɠʣɟɷɳƆ
ඕࣂɻʃƅ෣௅ʂ˘˲ˀߞҏɿюɜƅ෣૥൘ڽʂDCߞҏ (ʩʾˀˏߞҏ)ʦτюɫƅࡥټɭʟϟʺ
ʩʂڽɡʦक़ڥɭʟɧɼɿɸɘɺ঑෗ɭʟƆ
य 7.12ɿ-50 Oeʂʩʾˀˏߞҏʦτюɫɳݘʂϟʺʩʂ౞ୃʂย෌ʦߟɫɳƆ
ϟʺʩʃ˘˲ˀૠɠ઄ɘࣟ܄ɿʃ೑Ց਒ɿ౞ୃɫɺɘʟɠƅ˘˲ˀૠɠ tp > 4.52 ns, Hx > 90
Oeɻʃ˘˲ˀֲ୞ƅ˘˲ˀૠɿԟؙɾɣ౞ୃɫɺɘʟƆɧɧɻƅ೑Ց਒ɾ౞ୃɠɾɣɾʟ˘˲ˀ
ૠʦ᪭˘˲ˀૠ (tthp )ɼ଑զɭʟ (tp = 4.52 ns)Ɔ
7.3.1۽ɼஔโɿ< mz >ɼϟʺʩʂ౞ୃʂԟؙʦ૛ʍʟɳʕɿƅ< mz >ɼ౞ୃʂย෌ʦಅҼɫ
ɳƆय 7.13ɿHx = 100 Oeʦ t = 6.00 nsʒɻτюɫɳߗʂ< mz >ʂߗԝബшʦߟɭƆ7.3.1۽
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य 7.12: ˘˲ˀૠƅ˘˲ˀߞҏɿʜʟϟʺʩ౞ୃʂബш. ॳ:ϟʺʩ౞ୃɖʞƅళ:ϟʺʩ౞ୃɾɫ.
ɻϟʺʩʂ१ढ़ߗԝɠ 0.05 nsɼணʝʠɳɳʕƅय 7.13ɻʖஔโɿ-0.05 nsɮʝɫɺߟɫɳƆ
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य 7.13: ϟʺʩ౞ୃɼ< mz >ʂߗԝബш
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य 7.13ʃय 7.11ɼߐɺɘʟʜɚɿ٪ɜʟɠƅt > 3.16 nsɻʃ< mz >ɠ࣢ɿ˥ʫˑˀʂખʦߟ
ɫɺɘʟ (य 7.13(a))Ɔɫɳɠɷɺƅtp > 3.16 nsɻʃࡥټɭʟϟʺʩʂڽɡʃ࣢ɿʩʾˀˏߞҏɼ
ஔɬ൘ڽɿɾʟƆ߹ݘɿʃƅt ∼ 3.84 nsɻ< mz >ɠ˞˰ˀʂખɼɾɷɺɘʟ (य 7.13(b))ɠƅɧ
ʂɧɼʃय 7.11ɼஔโɿ< mz >ʂഇޏʦ۪຋ɭʟɧɼɻ঑෗ɭʟɧɼɠɻɡʟƆɧʂʜɚɿƅʩ
ʾˀˏߞҏʦๆɘʟɧɼɻ< mz >ʂइஓʦक़ڥɭʟɧɼɠɻɡƅϟʺʩʂ౞ୃ൘ڽʦ tp > tthp ɻ
क़ڥя௾ɻɖʟɧɼɠߟɩʠɳƆɧɧɻƅʩʾˀˏߞҏɼ tthp ʂԟؙʦ૛ʍɳɼɧʡƅʩʾˀˏߞ
ҏɠ-25, -50, -100 Oeʂߗƅtthp ʃ 5.42, 4.52, 3.56 nsɼணʝʠɳƆɫɳɠɷɺƅʩʾˀˏߞҏʦֲ
ɣɭʟɧɼɻϟʺʩʂ౞ୃ൘ڽʂक़ڥʦۿਙɿɭʟɧɼɠя௾ɻɖʟƆ
ඕࣂɻʃ˘ˊʶ˥˺ˎʪˀʶʦๆɘɳࣟ܄ɻʖʩʾˀˏߞҏʦๆɘʟɧɼɻϟʺʩʂ౞ୃ൘ڽʦ
क़ڥя௾ɻɖʟɧɼʦߟɫɳƆɫɟɫƅʩʾˀˏߞҏʦๆɘɳࣟ܄ɻʖ< mz >ɠ˥ʫˑˀ൘ڽɿ
वΫɭʟʒɻਿɸ಩์ɠɖʞƅ౞ୃߗԝʂଊٹɠ಩์ɻɖʟƆඕࣂɻʃƅ౞ୃߗԝʂଊٹ൘൚ɼɫ
ɺƅ˘˲ˀߞҏʂ˘˲ˀآࣨʦബшɩɯʟɧɼʦଚΕɫƅɱʂڹїɿɸɘɺ૛ܵɭʟƆɧɧɻʃƅ
˘˲ˀʂآࣨɼɫɺƅ˕ʺʵ˱ఉɼպ˕ʺʵ˱ఉʂ 2૳ʞʂࣟ܄ɿɸɘɺ૛ʍɳƆ
˕ʺʵ˱ఉ˘˲ˀߞҏ
य 7.14ɿ˕ʺʵ˱ఉ˘˲ˀߞҏɼ-50 Oeʂʩʾˀˏߞҏʦτюɫɳݘʂϟʺʩʂ౞ୃʂย෌ʦ
ߟɫɳƆ
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य 7.14: ˘˲ˀૠƅ˘˲ˀߞҏɿʜʟϟʺʩ౞ୃʂബш. ॳ:ϟʺʩ౞ୃɖʞƅళ:ϟʺʩ౞ୃɾɫ.
ϟʺʩʂ౞ୃʃ˘˲ˀૠɠ t > 5 ns(׮آఉ˘˲ˀߞҏƅʩʾˀˏߞҏɻʃ tthp = 4.52 ns)ɻʖΑ
଑ɫɾɘƆʒɳƅ݂ࢡ౞ୃߞҏʖHx = 150 Oeɻɖʞƅ7.3.2۽ɻணʝʠɳٌї (Hx = 90 Oe)ʜ
ʞʖਊюɭʟƆ˘˲ˀૠɠૠɘِࣥɻʖϟʺʩʂ౞ୃɠΑ଑ɫɾɘ๲ศʃƅ˕ʺʵ˱ఉʦๆɘʟɼ
ϟʺʩɠ˕ˊˈɟʝࢶෞɭʟʂɿ์ɭʟߗԝɠૠɣɾʟɟʝɻɖʟƆय 7.15ɿHx = 150 Oe, tp =
6.00 nsɻʂߞшʂˀˑˊ˞ʾˮˊ ˏʦߟɭƆ
य 7.15 (a)ʃࡾՃߞшࣨੁɻɖʟƆ׮آఉ˘˲ˀߞҏʦτюɫɳࣟ܄ƅϟʺʩʃڋʦಾɡɾɠʝ
˕ˊˈʂܧඕʌΫஓɭʟ (य 7.8 (a-c))Ɔλ൘ɻƅ˕ʺʵ˱ఉ˘˲ˀߞҏʦτюɭʟɼϟʺʩʃ˕ˊ
ˈʂܧٴɿڽɟɷɺ૥ভɿΫஓɫɺɘʟ (य 7.15 (a-c))Ɔɧʠʃƅߞҏʂֲ୞ʃࢎƜɿਊюɫɺɘ
ɣɳʕƅϟʺʩʃϟʺʩʂ࠵Ξʂߞ׫ɟʝࠬɥʟ೹ٴຢɼ˗˰˺ˀʦࠟʞɾɠʝΫஓɭʟɟʝɻɖ
ʟƆɫɳɠɷɺƅߞҏɿʜʟʯ˔˲ʵƟʃϟʺʩɴɥɻɾɣˎʪˀʶুਹɻր࠴ɩʠɾɠʝϟʺʩ
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य 7.15: ˀˑˊ˞ʾˮˊ ˏ. งτɼ௝ࣸʃ෣௅ (य 2.3ދࢻ)ƅళƅܒࣸʃ+z,-zʂߞш൘ڽʦߟɭ.
Hx = 140 Oe, tp = 6.00 ns. (a)ࡾՃߞшࣨੁ, t = 0.000 ns. (b)ϟʺʩɠ˕ˊˈʌΫஓ,t = 3.000
ns. (c)ϟʺʩʂࢶෞ૥ঽ,t = 5.660 ns. (d)ϟʺʩ݁ࡥټ,t = 6.100 ns. (d)˘˲ˀߞҏʂߗԝബш.
Hx = 140 Oe, tp = 6.00 ns
ɠΫஓɭʟƆɱʂɳʕƅ׮آఉ˘˲ˀʦๆɘɳࣟ܄ɼಅҼɫɺƅϟʺʩɠ˕ˊˈܧඕɿஃ੬ɭʟʒ
ɻʂߗԝɠૠɣɾʟƆ
7.3.1۽ɻʃƅϟʺʩɠ˕ˊˈܧඕɻࢶෞɭʟݘɿ౎१ɭʟˀ˛˺ఉɠϟʺʩʂ౞ୃʦ೑Ց਒ɿɭ
ʟ๲ศɻɖʟɧɼʦߟɫɳƆʒɳƅ7.3.2۽ɻʃˀ˛˺ఉʂٹऻɼʩʾˀˏߞҏʦ๭ๆɭʟɧɼɻ
ϟʺʩʂ౞ୃ൘ڽʦक़ڥя௾ɻɖʟɧɼʦߟɫɳƆɧʠʝʂٌ໱ɟʝƅϟʺʩɠࢶෞɫɺɟʝϟʺ
ʩɠ݁ࡥټɭʟʒɻɿˀ˛˺ఉɠʩʾˀˏߞҏɻक़ڥɻɡʟଟ୞ʒɻٹऻɫɺɘʟ಩์ɠɖʟƆɫ
ɳɠɷɺƅय 7.14ɻϟʺʩʂ౞ୃɠ೑Ց਒ɿɾʟ๲ศʃƅϟʺʩɠ˕ˊˈܧඕɟʝࢶෞɫɺɟʝ݁
ࡥټɭʟʒɻʂߗԝɠ઄ɘɟʝɼɘɜʟƆ
պ˕ʺʵ˱ఉ˘˲ˀߞҏ
ঽࣂɻʃƅ˕ʺʵ˱ఉ˘˲ˀߞҏɻʃ݂ࢡ౞ୃߞҏƅ౞ୃߗԝʂଊٹɠ٪ܛʒʠɾɘɧɼʦߟɫ
ɳƆඕࣂɻʃƅպ˕ʺʵ˱ఉ˘˲ˀߞҏɼʩʾˀˏߞҏʦๆɘɳࣟ܄ʂ౞ୃߞҏɼ౞ୃߗԝɿɸɘ
ɺ૛ܵɭʟƆय 7.16ɿպ˕ʺʵ˱ఉ˘˲ˀߞҏɼ-50 Oeʂʩʾˀˏߞҏʦτюɫɳݘʂϟʺʩʂ
౞ୃʂย෌ʦߟɭƆ
य 7.16ʜʞƅ᪭˘˲ˀૠʃ tthp = 2.80 nsʒɻٹࢢɫɺɘʟƆHx = 100 Oe, tp = 6.00 nsɻʂ
< mz >ʂߗԝബшʦय 7.17ɿߟɫƅɧʂِࣥɻʂߞшʂˀˑˊ˞ʾˮˊ ˏʦय 7.17ɿߟɭƆ
य 7.17ʜʞƅϟʺʩʃ˘˲ˀߞҏɠউʠʟঽ (t ∼ 2.50 ns)ɿࡥټɫިʕɺɘʟɠƅϟʺʩɠӷ
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य 7.16: ˘˲ˀૠƅ˘˲ˀߞҏɿʜʟϟʺʩ౞ୃʂബш. ॳ:ϟʺʩ౞ୃɖʞƅళ:ϟʺʩ౞ୃɾɫ.
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य 7.17: < mz >ʂߗԝബш (Hx = 100 Oe, tp = 6.00 ns)
ুɿࡥټɭʟʂʃ t ∼ 3.50 nsɻɖʟ (य 7.18)ɧɼɠʣɟʟƆɧʠʃƅ˘˲ˀߞҏʃউʠɺɘɾɘ
ɳʕɿƅϟʺʩɠ˕ˊˈʂܧٴɿɼɽʒʟ (य 7.18)ɳʕɻɖʟƆϟʺʩɠࡥټڤƅϟʺʩʃˎʪˀ
ʶʂયअɿЌʦಾɡɾɠʝΫஓɭʟƆɱʂɳʕƅय 7.17ɻʃϟʺʩࡥټڤɻʖƅϟʺʩɠ˕ˊˈʂ
ܧٴɿפɹɘɳݘɿ< mz >ɠਊюɭʟƆʒɳƅय 7.17ʜʞ< mz >ʂइஓʂયअʃƅt ∼ 2.00 ns
ɟʝٹࢢɫިʕƅϟʺʩɠࡥټɭʟ૥ঽɻ < mz >ɠ˥ʫˑˀʂખɼɾɷɺɘʟƆɧʂɧɼɟʝƅ
˘˲ˀߞҏʂآࣨɠ< mz >ʂߗԝബшɿϳׄʦิɜɺɘʟɼɘɜʟƆʒɳƅ׮آఉ˘˲ˀߞҏʦ
ๆɘɳࣟ܄ɼಅҼɫɺƅʩʾˀˏߞҏɼ˕ʺʵ˱ఉ˘˲ˀߞҏʦ৕ʓ܄ʣɯʟɧɼɻƅ< mz >ɠ
ɩʝɿʩʾˀˏߞҏʂ൘ڽʌڽɥʝʠʘɭɘɧɼʦߟɫɺɘʟƆ
य 7.16ɿʃƅtp = 1∼2 nsɻϟʺʩʂ౞ୃɠ٪ʝʠɾɣɾɷɺɘʟມηɠɖʟƆɧʂມηʃƅϟ
ʺʩɠࢶෞɫɳݘɿƅ౎१ɫɳˀ˛˺ఉɠˎʪˀʶʂઅɻʃʁɟɜʞϳׄʦิɜʟɳʕɻɖʟƆˀ
˛˺ఉɠϟʺʩࢶෞߗɿ˕ˊˈʂܧඕɻ౎१ɭʟɧɼʃঽࡧʂ૳ʞɻɖʟɠƅ౎१ɫɳˀ˛˺ఉʃ
ˎʪˀʶʂઅɻ౞ࠄɫ˕ˊˈʂܧٴɿ෸ʟƆɧʂɼɡƅˎʪˀʶʂઅɻʃˀ˛˺ఉʃߢศઅ౞ࠄɭ
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य 7.18: ˀˑˊ˞ʾˮˊ ˏ. งτɼ௝ࣸʃ෣௅ (य 2.3ދࢻ)ƅళƅܒࣸʃ+z,-zʂߞш൘ڽʦߟɭ.
Hx = 100 Oe, tp = 6.00 ns. (a)ࡾՃߞшࣨੁ, t = 0.000 ns. (b)ϟʺʩɠ˕ˊˈʌΫஓ,t = 0.180
ns. (c)ϟʺʩࢶෞ,t = 2.500 ns. (d)ϟʺʩ݁ࡥټɼ౞ୃ,t = 3.500 ns. (d)˘˲ˀߞҏʂߗԝബш.
Hx = 100 Oe, tp = 6.00 ns
ʟɳʕƅ+z൘ڽ (ࡾՃʂϟʺʩɼஔɬ൘ڽ)ʂˀ˛˺ఉɠ෸ʟƆʒɳƅպ˕ʺʵ˱ఉʦๆɘɳࣟ܄ƅ
ߞҏֲ୞ɠߗԝɼɼʖɿٹऻɫɺɞʞƅϟʺʩʂ݁ࡥټʦ๓ɜʟʏɽʂߞҏɠ౎१ɫɺɘɾɘƆɧ
ʠʝ 2ɸʂ๲ศɟʝƅt = 1∼2 ns೒פɻʃϟʺʩɠ౞ୃɫɾɣɾʟƆ
7.4 ˀ˛˺୊ກɿʜʟ˘ˊʶ˥˺ˎʪˀʶ௅ʂϟʺʩ౞ୃ
7.3.2۽ɻʃƅ෣௅ʂ˘˲ˀߞҏɿюɜɺ෣૥൘ڽʂʩʾˀˏߞҏʦτюɭʟɧɼɻƅϟʺʩʂक़
ڥɠя௾ɻɖʟɧɼʦߟɫɳƆɫɟɫƅ2ࠦຳʂߞҏʦτюɭʟɧɼʃ˨˩˱ʂۚਏʦ೾ށɿɭʟ
ɳʕƅ߹ๆଯɻʃɾɣɾɷɺɫʒɚƆɱɧɻƅඕࣂɻʃˀ˛˺୊ກʦๆɘʟɧɼɻʜʞ੺ࡸɾۚਏ
ɻϟʺʩʂڽɡʂक़ڥɠя௾ɻɖʟɧɼɿɸɘɺߟɭƆ
7.4.1 ୊ກව୞ഇ೘ɼ୊ກߞҏഇ೘
5.3.2۽ʂय 5.8(c)ɻߟɫɳʜɚɿƅˀ˛˺୊ກʦߞՉˎʪˀʶʂ෣௅൘ڽɿτюɫɳࣟ܄ƅ෣
૥൘ڽɿ୊ກߞҏɠ౎१ɭʟƆɧʂ୊ກߞҏɼ˘ˊʶ˥˺ˎʪˀʶʂآࣨʦ৕ʓ܄ʣɯʟɧɼɻƅ
୊ກʦກɭ൘ڽʦബɜʟɧɼɻϟʺʩʂڽɡʦक़ڥя௾ɻɖʟƆ
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5.3ঐɻ۱ɷɳ୊ກߞҏظޔɼஔโɿय 7.19ɿߟɭآࣨɻƅ୊ກව୞ഇ೘ƅ୊ກߞҏʂظޔʦ۱ɷ
ɳƆظޔມηʃ 2 nm×2 nm×2.5 nmʂ૥൘ਹ˂˲ɻ๸ޏшɫɳƆଘېಅʃ Py:Au:Cr=1:0.14:0.81
ɼɫɺظޔɫɳƆ
य 7.19: ୊ກව୞, ୊ກߞҏظޔɻๆɘɳآࣨ.
ணʝʠɳ˘ˊʶ˥˺ˎʪˀʶ௅ɿټʠʟ୊ກව୞ഇ೘ƅ୊ກߞҏഇ೘ʦय 7.20ƅय 7.21ɿߟɭƆ
(a) ୊ກʂກʠ (ചה).
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(b) ୊ກව୞ഇ೘ (ചה).
य 7.20: ୊ກʂກʠɼ୊ກව୞ഇ೘ (j=1.5×1012A/m2).
˘ˊʶ˥˺ˎʪˀʶʃ˕ˊˈɠɖʟɳʕƅ˕ˊˈʂּݰɩʠɳೱഇɻ୊ກව୞ഇ೘ɠਊюɭʟ (य
7.20(a)ƅय 7.20(b))Ɔ
xढ़ഇʂ୊ກߞҏഇ೘ (य 7.21(h)ƅय 7.21(b))ʃ୊ກʂກʠɠּݰɩʠɳೱഇɿࡍયɭʟɳʕ (य
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(a) ݂ࣘ৥ xढ़ഇ
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(b) ݂ࣘ৥ yढ़ഇ
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(c) ݂ࣘ৥ zढ़ഇ
-100 -50 0 50 100
x (n )
-100
-50
0
50
100
y
(n
)
-15
-10
-5
0
5
10
15
H
x
(O
e)
(d) યԝ৥ xढ़ഇ
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(e) યԝ৥ yढ़ഇ
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(f) યԝ৥ zढ़ഇ
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(g) ݂ч৥ xढ़ഇ
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(h) ݂ч৥ yढ़ഇ
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(i) ݂ч৥ zढ़ഇ
य 7.21: ୊ກߞҏഇ೘ (j=1.5×1012A/m2).
7.20(a))ƅyढ़ഇ (य 7.21(h)ƅय 7.21(b))ɼஔɬʜɚɿ݂ࣘ৥ɼ݂ч৥ɻ౞਻ʂߞҏʂڽɡʦߟɫ
ɺɘʟƆλ൘ɻƅયԝ৥ʂ xढ़ഇʃˎʪˀʶࣘ෣ɿ೒ɥʝʠɳ୊׎ɿກࡥ௡ɭʟ୊ກɿʜɷɺ 5ࣂ
ɻணʝʠɳٌїʂʜɚɾߞҏഇ೘ɠணʝʠɺɘʟƆ
yढ़ഇʂ୊ກߞҏഇ೘ʃ 5ࣂɻணʝʠɳٌїɼஔโɿч৥਑ɼࣘ৥਑ɻ౞਻൘ڽʂߞҏɠټʠɺ
ɘʟ (य 7.21(h)ƅय 7.21(b))Ɔ5ࣂɻʃ݂ࣘ৥ɻʖ୊׎ʂчɻʃ+y൘ڽʂߞҏɠࡥټɫɺɘʟɠƅ
य 7.21(b)ɻʃɱʂʜɚɿɾɷɺɘɾɘƆɧʠʃƅˎʪˀʶʂࣘɿࣛɷɺɘʟ୊׎ʂ೺ɠ 5ࣂʂظ
ޔِࣥʜʞʖּɘɳʕɻɖʟƆ
z൘ڽढ़ഇʃ৥ɿʜʟബшʃࢡɩɣƅ˕ˊˈʂܧඕೱഇɻʃช 300 Oeʂ෣૥൘ڽʂߞҏɠټʠ
ɺɘʟƆּݰೱɻਊюɫɳ୊ກව୞ɠ˕ˊˈʂܧඕೱഇɿ੒ɡɾߞҏʦ౎१ɩɯɺɘʟƆɫɳɠɷ
ɺƅ˘ˊʶ˥˺ˎʪˀʶɿˀ˛˺୊ກʦກɫƅ7.2, 7.3ঐʂࣟ܄ɼஔโɿϟʺʩʦˎʪˀʶɟʝ੯
ࡥɩɯʟɧɼɠɻɡʠʄƅ݁ࡥټɭʟϟʺʩʂڽɡʃ୊ກߞҏʦ๭ๆɭʟɧɼɻक़ڥɭʟɧɼɠɻ
ɡʟɼ۪ɜʝʠʟƆʒɳƅɧʂ൘൚ʦๆɘʟɼϟʺʩʂ౞ୃ൘ڽʦ୊ກʂʓɻक़ڥɭʟɧɼɠɻɡ
ʟɧɼʖา২ɩʠʟƆ
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7.4.2 ׮آఉ˘˲ˀ୊ກ
୊ກ൘ڽ (+xʒɳʃ-x൘ڽ)ɼߞшۚਏʂࡾՃࣨੁ (ϟʺʩɠ+zʒɳʃ-z)ʦബɜɳݘʂߞшۚ
ਏʂˀˑˊ˞ʾˮˊ ˏʦय 7.22-7.25ɿߟɭƆүयʃɱʠɲʠƅय 7.22:୊ກ+x൘ڽ,ࡾՃϟʺʩ+z
൘ڽƅय 7.23:୊ກ-x൘ڽ,ࡾՃϟʺʩ+z൘ڽƅय 7.24: ୊ກ+x൘ڽ,ࡾՃϟʺʩ-z൘ڽƅय 7.25:
୊ກ-x൘ڽ,ࡾՃϟʺʩ-z൘ڽʂٌїʦߟɭƆ
य 7.22: ˀˑˊ˞ʾˮˊ ˏ (j = 1.5×1012 A/m2, tp = 1.5 ns). งτɼ௝ࣸʃ෣௅ (य 2.3ދࢻ)ƅళƅ
ܒࣸʃ+z,-zʂߞш൘ڽʦߟɭ. (a-f)ϟʺʩʃ˕ˊˈɟʝࢶෞɯɮѾୃϬஓ.
य 7.23: ˀˑˊ˞ʾˮˊ ˏ (j = −1.5 × 1012 A/m2, tp = 1.5 ns). งτɼ௝ࣸʃ෣௅ (य 2.3ދࢻ)ƅ
ళƅܒࣸʃ+z,-zʂߞш൘ڽʦߟɭ. (a)ࡾՃߞшࣨੁ. (b)˕ˊˈʌΫஓ. (c)ϟʺʩʂࢶෞɼ౞ୃ
(p=+1→ p=-1). (d-f)ϟʺʩɠѾୃϬஓ.
ϟʺʩʃ୊ກɼʃ౞਻ʂ൘ڽ (୊ޫʂ൘ڽ)ɿΫஓɭʟƆɧʂɼɡϟʺʩʦયअɼɫɳ y൘ڽʂߞ
׫ʂ˗˰˺ˀɠ൓ʠʟɳʕƅτюɫɳ୊ກ൘ڽɿʜɷɺ౞਻ʂॴߞҏɠϟʺʩɿϳׄʦิɜʟƆ୊
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ກʦ+x൘ڽɿτюɫɳࣟ܄ (य 7.22)ƅϟʺʩʃ-x൘ڽʌΫஓɫƅϟʺʩϓ਑ʂߞ׫ (+y൘ڽʂߞ
׫)ɠ੒ɡɣɾʞƅϟʺʩɿʃ-y൘ڽʂॴߞҏɠюʣʟƆɧʂॴߞҏɿʜɷɺϟʺʩʃ-y൘ڽʌΫ
ஓɭʟ (य 7.22(b))Ɔɱʂڤƅˀ˛˺୊ກτюયʃϟʺʩʃࡾՃʂϟʺʩΛટɟʝ-y൘ڽɿɮʠɳ
ΛટʦયअɿѾୃϬஓɭʟ (य 7.22(c-f))Ɔɱʂɳʕƅϟʺʩʃ˕ˊˈɟʝ๸ʠƅϟʺʩɠ˕ˊˈɟ
ʝࢶෞɭʟɧɼɠɾɘƆ
λ൘ɻƅ୊ກʦ-x൘ڽɿτюɫɳࣟ܄ (य 7.22)ʃϟʺʩʃ+x൘ڽɿ୊ກʦτюɫɳࣟ܄ɼʃ౞
਻ʂϬஓʦɭʟɳʕƅ˕ˊˈʂɖʟ൘ڽʌΫஓɭʟ (य 7.23(b))Ɔɱʂɳʕƅϟʺʩʃ˕ˊˈɟʝ
ࢶෞɫƅ୊ກߞҏʂ൘ڽɿ౞ୃɭʟ (य 7.23(c))ƆɱʂڤƅϟʺʩʃѾୃϬஓɭʟ (य 7.23(d-f))Ɔ
य 7.24: ˀˑˊ˞ʾˮˊ ˏ (j = 1.5 × 1012 A/m2, tp = 1.5 ns). งτɼ௝ࣸʃ෣௅ (य 2.3ދࢻ)ƅ
ళƅܒࣸʃ+z,-zʂߞш൘ڽʦߟɭ. (a)ࡾՃߞшࣨੁ. (b)˕ˊˈʌΫஓ. (c)ϟʺʩʂࢶෞɼ౞ୃ
(p=-1→ p=+1). (d-f)ϟʺʩɠѾୃϬஓ.
य 7.24,7.25ʜʞƅࡾՃϟʺʩʂڽɡʦ p=-1ɼɭʟɼƅ୊ກ൘ڽɿʜʟ֘ஓɠࡾՃϟʺʩʂڽɡ
ʦ p=+1ɼɫɳࣟ܄ (य 7.22,7.23)ɼ౞਻ɿɾɷɺɘʟɧɼɠʣɟʟƆϟʺʩɠ୊ກʂ൘ڽɼ౞਻൘
ڽɿΫஓɭʟɧɼʃঽࡧʂ૳ʞɻɖʟɠƅϟʺʩʂڽɡɠպʂࣟ܄ʃߞҏɿʜʟϬஓʂڽɡɠ౞਻
ɿɾʟƆɫɳɠɷɺƅय 7.24(a)ɟʝˀ˛˺ˏ˲ʶɿʜɷɺ-x൘ڽɿΫஓɫިʕɳϟʺʩʃ+x൘ڽ
਑ʂߞ׫ (+y൘ڽʂߞ׫)ɠ੒ɡɣɾʟɳʕƅ-y൘ڽʂॴߞҏʦࠬɥʟƆɧʂɼɡƅp=+1ɻʃ-y
൘ڽɿΫஓɫɺɘɳϟʺʩ (य 7.22(b))ʃ p=-1ʂࣟ܄ɻʃ౞਻ʂ+y൘ڽʌΫஓɭʟ (य 7.24(b))Ɔ
Ιࣘʂʜɚɿƅ୊ກʦ+x൘ڽɿτюɭʟɼ಩ɮ p=+1ʂϟʺʩɠࡥټɫƅ୊ກʦ-x൘ڽɿτю
ɭʟɼ಩ɮ p=-1ʂϟʺʩɠࡥټɭʟƆɫɳɠɷɺƅϟʺʩʂڽɡʦࣣൎʂ੺Λɼɫɺๆɘʟࣟ܄ƅ
ɧʂࢆɡܛʓࠡ൚ʦๆɘʟɼࢆɡܛʓঽɿټݚʂࣣൎ (ϟʺʩʂڽɡ)ʦ஬ʓࡥɭ಩์ɠɾɘƆ
ߘɿ˘˲ˀૠɼ୊ກව୞ʦബшɩɯɺ౞ୃʂย෌ʦ૛ʍɳƆࡾՃʂϟʺʩʦ p=-1ɼɫɳࣟ܄ƅ୊
ກʦ+x൘ڽɿτюɫɺʖ౞ୃɠՔɧʝɾɘɧɼɠʣɟɷɳɳʕƅ୊ກʦ-x൘ڽɿτюɫɳࣟ܄ɿ
ɸɘɺʂʓߟɭƆٌїʦय 7.26ɿߟɭƆ
tp=1.2, 2.2, 3.5, 4.8, 5.9 ns೒פɻಒ౞ୃມηɠ٪ʝʠʟƆɧʠʃϟʺʩɠ˘˲ˀ୊ກɿʜɷɺ
˕ˊˈɟʝࢶෞɫƅ݁୞ࡥټɫɳڤɿɩʝɿ˘˲ˀ୊ກɿʜɷɺϟʺʩɠ˕ˊˈɟʝࢶෞɭʟɳʕ
ɻɖʟƆय 7.27ɿ j = 1.5× 1012 A/m2, tp = 1.5 nsʂɼɡʂˀˑˊ˞ʾˮˊ ˏʦߟɭƆ
ϟʺʩɠ౞ୃɫɳڤʂय 7.27(c),7.27(d)ɻʃˀ˛˺୊ກɿʜɷɺϟʺʩʃ˕ˊˈɼʃ౞਻਑ɿ
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य 7.25: ˀˑˊ˞ʾˮˊ ˏ (j = −1.5 × 1012 A/m2, tp = 1.5 ns). งτɼ௝ࣸʃ෣௅ (य 2.3ދࢻ)ƅ
ళƅܒࣸʃ+z,-zʂߞш൘ڽʦߟɭ. (a-f)ϟʺʩʃ˕ˊˈɟʝࢶෞɯɮѾୃϬஓ.
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य 7.26: ˘˲ˀૠƅ˘˲ˀߞҏɿʜʟϟʺʩ౞ୃʂബш (j <0). ॳ:ϟʺʩ౞ୃɖʞƅళ:ϟʺʩ౞
ୃɾɫ.
ЬɩʠʟƆɱʂڤƅ˘˲ˀ୊ກɠউʠʟɼϟʺʩʃࡾՃߞшࣨੁ (य 7.27(a))ʜʞʖ-y൘ڽɿΛટ
ɭʟɳʕƅ೹ٴຢɿʜɷɺюਙɩʠʟƆɫɳɠɷɺƅϟʺʩʃ݁୞˕ˊˈɟʝࢶෞɫɺɫʒɚ (य
7.27(e))Ɔɧʂɼɡƅ˘˲ˀ୊ກʃɭɻɿউʠɺɘʟɳʕƅ୊ກߞҏɠ౎१ɫɺɘɾɘƆɱʂɳʕƅ
ϟʺʩʃϟʺʩɠࢶෞɫɳ࣊كɻ౞਻൘ڽʌ౞ୃɭʟ (य 7.27(f))Ɔ
׮آఉ˘˲ˀʦๆɘɳࣟ܄ƅ˘˲ˀ୊ກɠউʠɳߗʂϟʺʩʂΛટɿʜɷɺϟʺʩʃ݁୞౞ୃɫ
ɺɫʒɘƅ౞ୃʂक़ڥɿʃ୊ກව୞ɼ˘˲ˀૠʦ૛य़ɭʟ಩์ɠɖʟɧɼɠʣɟɷɳƆɱɧɻƅߘ
۽ɻʃ 7.3.2۽ɼஔโɿպ˕ʺʵ˱˘˲ˀ୊ກʦๆɘɳࣟ܄ɿϟʺʩʂ౞ୃक़ڥɠ฻Φɿɾʟɟ٠
࣍ɭʟƆ
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य 7.27: ˀˑˊ˞ʾˮˊ ˏ (j = 1.5× 1012A/m2,tp = 1.5ns). งτɼ௝ࣸʃ෣௅ (य 2.3ދࢻ)ƅళƅ
ܒࣸʃ+z,-zʂߞш൘ڽʦߟɭ. (a)ࡾՃߞшࣨੁ. (b)ϟʺʩࢶෞɼ౞ୃ (1Ѿෳ). (c)ϟʺʩɠ˕ˊ
ˈɼ౞਻൘ڽɿΫஓ. (d)˘˲ˀ୊ກ࠿ຎ. (e)ϟʺʩࢶෞɼ౞ୃ (2Ѿෳ). (f)݁౞ୃڤ. (g)˘˲ˀ
୊ກʂߞԝബш.
7.4.3 պ˕ʺʵ˱˘˲ˀ୊ກ
य 7.28ɿ˘˲ˀૠɼ୊ກව୞ʦബɜɺ౞ୃʂย෌ʦ૛ʍɳٌїʦߟɭƆɧɧɻʃƅय 7.26ʂࣟ
܄ɼஔโʂ๲ศɟʝࡾՃʂϟʺʩʂڽɡʃ p=+1ƅ୊ກʃ-x൘ڽɿτюɫɳƆ
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य 7.28: ˘˲ˀૠƅ˘˲ˀߞҏɿʜʟϟʺʩ౞ୃʂബш (j <0). ॳ:ϟʺʩ౞ୃɖʞƅళ:ϟʺʩ౞
ୃɾɫ.
׮آఉ˘˲ˀ୊ກʦๆɘɳٌї (य 7.26)ʜʞʖ౞ୃɠ٪ʝʠʟມηɠਊюɫɺɘʟɧɼɠʣɟ
ʟƆ݂ࢡ౞ୃ୊ກව୞ʃ׮آఉ˘˲ˀ୊ກʦๆɘɳࣟ܄ʜʞʖਊюɫɺɘʟɠƅਊюຟʃ 10 %ଟ
୞ɻɖʟƆɫɟɫƅ׮آఉ˘˲ˀ୊ກʦๆɘɳࣟ܄ɼஔโɿ tp1∼2 nsɻʃಒ౞ୃມηɠ٪ʝʠʟƆ
ɧʂມηɻʃ׮آఉ˘˲ˀ୊ກʦๆɘɳࣟ܄ɿ٪ʝʠɳಒ౞ୃມηɼஔโɿϟʺʩɠ 2Ѿෳʂࢶෞ
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ʦՔɧɫɺ݁౞ୃɫɺɘʟɳʕɻɖʟƆλ൘ɻƅtp > 2nsʂມηɻʃಒ౞ୃມηɠ٪ʝʠɮƅΑ
଑ɫɺ౞ୃɠՔɡɺɘʟƆɧʠʝʂβɘɿɸɘɺ૛ʍʟɳʕɿय 7.29,7.30ɿɱʠɲʠಒ౞ୃມη
(j = −2.0× 1012A/m2,tp = 1.5ns)ƅ౞ୃມη (j = −2.0× 1012A/m2,tp = 2.2ns)ʂˀˑˊ˞ʾˮˊ
ˏʦߟɭƆ
य 7.29: ಒ౞ୃມηʂϟʺʩϬஓˀˑˊ˞ʾˮˊ ˏ. งτɼ௝ࣸʃ෣௅ (य 2.3ދࢻ)ƅళƅܒࣸ
ʃ+z,-zʂߞш൘ڽʦߟɭ. j = −2.0× 1012A/m2,tp = 1.5ns. (a)ࡾՃߞшࣨੁ. (b)ϟʺʩɠ˕ˊ
ˈʌΫஓ. (c)ϟʺʩʂࢶෞƅ౞ୃ. (d)ϟʺʩɠ˕ˊˈɼʃ౞਻൘ڽɿΫஓ. (e)ѾୃϬஓʦɫɾɠ
ʝ˕ˊˈɿڽɟɷɺΫஓҔި. (f)ϟʺʩʂ݁ࢶෞƅ݁౞ୃ. (g)˘˲ˀ୊ກʂߗԝബш.
य 7.30: ౞ୃມηʂϟʺʩϬஓˀˑˊ˞ʾˮˊ ˏ. งτɼ௝ࣸʃ෣௅ (य 2.3ދࢻ)ƅళƅܒࣸʃ+z,-z
ʂߞш൘ڽʦߟɭ. j = −2.0 × 1012A/m2,tp = 2.2ns. (a)ࡾՃߞшࣨੁ. (b)ϟʺʩʂࢶෞƅ౞ୃ.
(c)ѾୃϬஓ. (d)ϟʺʩɠ˕ˊˈࠡঽʦ૳Ѭ. (e)ѾୃϬஓ. (f)ϟʺʩɠ˕ˊˈࠡঽʦ૳Ѭ. (g)˘
˲ˀ୊ກʂߗԝബш.
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य 7.29ʃƅ׮آఉ˘˲ˀ୊ກɻϟʺʩɠ౞ୃɫɾɟɷɳࣟ܄ (य 7.27)ɼஔโɿ୊ກɠউʠɳڤ
ɿϟʺʩɠ݁ࡥټɫɺɘʟƆɱʂɳʕƅ୊ກߞҏɠτюɩʠɺɞʝɮϟʺʩɠ݁౞ୃɫɺɫʒɚƆ
ɧʠʃ˘˲ˀૠɠ઄ɣƅ׮آఉ˘˲ˀɼஔโʂɧɼɠՔɡɺɘʟɳʕɻɖʟƆ
λ൘ɻƅय 7.30ʂࣟ܄ƅ˘˲ˀૠɠࡒഇɿૠɘ (tp > 2 ns)ɳʕƅϟʺʩɠ݁ࢶෞɫɳࣟ܄ɻʖ
˕ˊˈೱഇɿʃ୊ກߞҏɠτюɩʠɺɘʟƆɱʂɳʕƅϟʺʩʂ݁౞ୃɠՔɧʝɾɘƆɩʝɿƅ୊
ກව୞ʂٹࢢɼ֩ɿϟʺʩʂѾୃౝأʃߘ੓ɿٹࢢɭʟɳʕƅ˘˲ˀ୊ກɠউʠʟ૥ঽɻʃϟʺʩ
ɠ˕ˊˈࠡঽʦ૳Ѭɭɳʕ݁౞ୃɠՔɧʝɾɘƆ
Ιࣘʂʜɚɿƅߞҏ౞ୃɼஔโɿˀ˛˺୊ກ౞ୃɻʖպ˕ʺʵ˱˘˲ˀ୊ກʦๆɘʟɧɼɻϟʺ
ʩʂ౞ୃक़ڥɠ฻ΦɿɾʟɧɼʦߟɫɳƆ
7.5 ˕ˊˈʼʫˁΜਣड़
˘ˊʶ˥˺ˎʪˀʶʦๆɘɳϟʺʩʂ౞ୃɻʃƅ෣௅˘˲ˀߞҏɠࠜɣɾɷɳݘɿƅϟʺʩɠߢ
ஓଯɿࡥټɭʟ಩์ɠɖʟƆɱʂɳʕƅ˘ˊʶ˥˺ˎʪˀʶʂ˕ˊˈʼʫˁ (˕ˊˈʂऍɩ dɼ˕ˊ
ˈҺ୞ θ)ʂʓʦബш (य 7.31)ɩɯɺƅ˕ˊˈʼʫˁɿʜʟ౞ୃՆۚʂബшɿɸɘɺ૛ʍɳƆ
य 7.31: ظޔɿๆɘɳ˘ˊʶ˥˺ˎʪˀʶ.
ٌїʦय 7.32ɿߟɭƆ
౞ୃՆۚʃ˕ˊˈҺ୞ɿʏɼʧɽΜਣɫɾɘɠƅ˕ˊˈʂآࣨɿʜɷɺ౞ୃՆۚɠ 3ɸʂ˘ˆƟ
˺ɿഇຳɩʠʟɧɼɠʣɟʟƆय 7.33-7.35ɿүມηɿɞɥʟߞшۚਏʂߗԝബшʦߟɭƆɧɧɻ
ߟɫɳयʂߗԝʃƅߞҏτю࠿ຎߗ (ϟʺʩɠ१ढ़ɭʟߗԝ)ʦ t = 0.000nsɼɫɺɘʟƆ(1)ʂມ
ηɿɞɥʟߞшۚਏʂߗԝബшʦय 7.33ɿߟɭƆ
ϟʺʩʃ˕ˊˈগઅɟʝ१ढ़ɩʠʟɳʕ (य 7.33(b))ƅ˕ˊˈऍɩʂতɘ (1)ʂມηɻʃ१ढ़ɫɳ
ϟʺʩʃЌયअɟʝ๸ʠɳࣟࡿɿਣݚɭʟƆ१ढ़ɩʠɳϟʺʩʃƅѾୃϬஓʦ౛ɘɾɠʝયअɿڽ
ɟɷɺ࠴ਖɫɺɘɣɠƅϟʺʩɠ१ढ़ɩʠɳ૥ڤɿϟʺʩʂਙ୞ɠ᪭ਙ୞ (vc ∼ 260m/s)ɿஃ੬ɭ
ʟɳʕɿ [15, 16]ƅVC-AVCˡʩɠ१ढ़ƉࢶෞɠՔɡ (य 7.33(c))ƅ౞ୃɠՔɧʟ (य 7.33(d))Ɔɧ
ʂࣟ܄ƅ˕ˊˈɟʝ१ढ़ɭʟϟʺʩʂڽɡʃƅ१ढ़ߗʂڽɡɼպڽɡɿɾʟƆ
(2)ʂມηʂࣟ܄ƅ१ढ़ɩʠɳϟʺʩʃ (य 7.34(b))ƅ१ढ़ɩʠɳϟʺʩʂڽɡʦസɷɳʒʒˎʪ
ˀʶʂયअೱɿڽɟɷɺѾୃϬஓɭʟ (य 7.34(c,d))Ɔ१ढ़ɩʠɳϟʺʩʂਙ୞ʃƅ᪭ਙ୞ɿஃ੬ɫ
ɾɘɳʕɿ౞ୃʃՔɧʝɾɘƆ
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य 7.32: ˕ˊˈʼʫˁɿʜʟ౞ୃՆۚʂബш. (1)ϟʺʩɠ೾ॅѾ౞ୃ (˕ˊˈɠতɘ). (2)ϟʺʩ
ɠ 1Ѿ౞ୃ (଱উ). (3)ϟʺʩɠ˕ˊˈɟʝࡥټɫɾɘ (˕ˊˈɠऍɘ).
य 7.33: य 7.32ʂມη (1)ɿɞɥʟߞшۚਏʂߗԝബш. งτɼ௝ࣸʃ෣௅ (य 2.3ދࢻ)ƅళƅܒ
ࣸʃ+z,-zʂߞш൘ڽʦߟɭ.
य 7.34: य 7.32ʂມη (2)ɿɞɥʟߞшۚਏʂߗԝബш. งτɼ௝ࣸʃ෣௅ (य 2.3ދࢻ)ƅళƅܒ
ࣸʃ+z,-zʂߞш൘ڽʦߟɭ.
य 7.35: य 7.32ʂມη (3)ɿɞɥʟߞшۚਏʂߗԝബш. งτɼ௝ࣸʃ෣௅ (य 2.3ދࢻ)ƅళƅܒ
ࣸʃ+z,-zʂߞш൘ڽʦߟɭ.
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˕ˊˈऍɩʂऍɘ (3)ʂມηɻʃƅϟʺʩʂ१ढ़ɠՔɡɾɘ (य 7.35(a-d))Ɔɧʂ๲ศʃƅϟʺʩ
ʂย෌ɿʜʟߞшࣨੁʂʯ˔˲ʵƟܴɠࢡɩɣƅࡵΑ଑ࣨੁɿɾʟɳʕɿϟʺʩɠ१ढ़ɩʠɾɘɳ
ʕɻɖʟƆ
Ιࣘʂʜɚɿ˘ˊʶ˥˺ˎʪˀʶɻʃ˕ˊˈऍɩɿʜɷɺ౞ୃՆۚɠബшɫƅ౞ୃɿ಩์ɾ˕ˊ
ˈऍɩʂِࣥɠɖʟɧɼɠഇɟɷɳƆ
7.6 ʒɼʕ
ϟʺʩʂ౞ୃࠡ൚ɠโƜଚΕɩʠƅߞՉϟ˨˩˱߹ټʂя௾ड़ɠߟɩʠɳƆɫɟɫൎ܍ɩʠɺɘ
ʟ౞ୃࠡ൚ɻʃƅ౞ୃѬଟɻϟ-౞ϟʺʩ਻ɠ१ढ़ɩʠƅ१ढ़ɩʠɳʺʩ਻ʦ਻ࢶෞɭʟɧɼɻ౞ୃ
ɠՔɡɺɘʟƆʺʩ਻ʂ१ढ़ɿʃۿɘ୊ກව୞ʂ୊ກɠ಩์ɻɖʟɳʕƅߞՉϟ˨˩˱߹ټʂࣖқ
ɼɾɷɺɘɳƆඕࣂɻʃƅʺʩ਻ʦๆɘɾɘ౞ୃࠡ൚ɼɫɺƅߞՉˎʪˀʶʂآࣨʦബɜ˘ˊʶ˥
˺ˎʪˀʶʦๆɘʟࠡ൚ʦଚΕɫƅʾ˦ˬ˳Ɵʾˮ˺ʦๆɘɺɱʂڹїʦ૛ʍɳƆ
ʾ˦ˬ˳Ɵʾˮ˺ٌїʜʞƅࡓ๝ʂЌˎʪˀʶʦๆɘɳ౞ୃࠡ൚ɼಅҼɫɺߞҏʦๆɘʟࣟ܄ɻ
ʃ 72 %౞ୃߞҏʦଊٹя௾ɻɖʟɧɼʦߟɫɳƆ׮آఉʂ˘˲ˀߞҏʦๆɘʟࣟ܄ƅϟʺʩࢶෞ
ߗɿ౎१ɭʟˀ˛˺ఉʂϳׄɻϟʺʩʂ౞ୃɠ೑Ց਒ɿɾʟɧɼɠʣɟɷɳƆɱɧɻƅ෣૥൘ڽʂ
ʩʾˀˏߞҏʦๆɘʟɧɼɻ౞ୃ൘ڽʦक़ڥɭʟࠡ൚ʦଚΕɫɳƆʩʾˀˏߞҏʦๆɘʟɧɼɻϟ
ʺʩʂ౞ୃ൘ڽʦक़ڥя௾ɻɖʟɧɼɠʣɟɷɳƆɩʝɿƅ˘˲ˀߞҏʦպ˕ʺʵ˱ఉɿɭʟɧɼ
ɻƅΑ଑ɫɺ౞ୃɩɯʟߗԝʦଊٹя௾ɻɖʟɧɼʦߟɫɳƆɧʠʃպ˕ʺʵ˱ఉɻʃƅ˘˲ˀߞ
ҏɠߗԝɼɼʖɿٹऻɫƅϟʺʩɠݘࡥټɭʟ˕ˊˈܧඕʂߞՉ˩Ɵ˨˺ˏɠʩʾˀˏߞҏʂ൘ڽ
ʦڽɡʘɭɣɾʟɳʕɻɖʟƆ
ߘɿƅˀ˛˺୊ກʦๆɘɳࣟ܄ɿɸɘɺ૛ʍɳƆʾ˦ˬ˳Ɵʾˮ˺ٌїʜʞƅˀ˛˺୊ກʦๆɘ
ʟࣟ܄ɻʃƅ75 %౞ୃ୊ກව୞ʦଊٹя௾ɻɖʟɧɼʦߟɫɳƆˀ˛˺୊ກʦๆɘɳࣟ܄ƅ୊ກ
ߞҏɼϟʺʩʂΫஓ൘ڽʂԟؙɟʝƅ୊ກʦກɭ൘ڽʦक़ڥɭʟɴɥɻϟʺʩʂ౞ୃ൘ڽʦक़ڥя
௾ɻɖʟɧɼʦߟɫɳƆɫɳɠɷɺƅɧʂࠡ൚ʦๆɘɺߞՉϟ˨˩˱ʦ߹ټɫɳࣟ܄ƅټݚʂࣣൎ
ɿԟؙɾɣෳଯʂࣣൎʦࢆɡܛʔɧɼɠɻɡƅࢆɡܛʓঽɿࣣൎʦ஬ʓࡥɭ಩์ɠɾɣɾʟ๭୅ɠ
ɖʟƆ
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ඕ٥֋ɻʃ (1)GPUʦๆɘɳۿਙظޔƅ(2) ˀ˛˺୊ກɿʜʞ౎१ɭʟ୊ກߞҏڹїƅ(3) ˀ˛
˺୊ກɿʜʟϟʺʩ౞ୃɿɞɥʟϟۚਏΑ଑ड़ƅ(4) ˘ˊʶ˥˺ؠߞՉˎʪˀʶʦๆɘɳ౞ୃ୊ກ
ව୞ʂଊٹɿɸɘɺ૛ʍɳƆ
(1) ϟʺʩɿюʣʟˀ˛˺୊ກʘ୊ກߞҏʃߞՉˎʪˀʶ௅ɻλโɻʃɾɣ೾ށɿബшɫɺɘʟɳ
ʕɿƅϟʺʩʂϬஓʦ࣏ݔɿѽॾɭʟɳʕɿʃظޔ਻࣐ʦ 3ߘٴɿ๸ޏшɫɳ˩ˎ˲ɠ಩์ɻ
ɖʟƆɫɟɫ 3ߘٴ˩ˎ˲ʦๆɘɳʾ˦ˬ˳Ɵʾˮ˺ɿʃಒ࣢ɿਪɣʂظޔߗԝɠ಩์ɼɾʟƆ
ຶɜʄ߹ٲɻๆɘʝʠʟʼʫˁʂߞՉˎʪˀʶʂ 1Ѿʂʾ˦ˬ˳Ɵʾˮ˺ʦ૳࣢ʂ CPU ʦๆɘ
ɺ۱ɾɷɳࣟ܄ʂظޔߗԝʃช 2 ˽ُɻɖʟƆɧʂɳʕ૳࣢ʂ CPUʦๆɘɳࣟ܄ʃظޔߗԝ
ʂ෻੕ɟʝߏ߹ࣘظޔ೑я௾ɻɖɷɳƆඕ٥֋ɻʃGPUʦๆɘɺƅ˥ʫʶ˴˥ʷ˔ˍʪˊ ʶʾ
˦ˬ˳Ɵʾˮ˺ʦۿਙшɫƅݩढ़ɫɳʾ˦ˬ˳ƟˆʦๆɘɺϟʺʩϬஓʂѽॾʦ۱ɷɳƆѳਉ
ࡽ๲ɻʃࠞɿ੺३୞ظޔɠޡʣʠɺɘɳɳʕɿƅλ౫ɿ GPU ɻʃ੺३୞ʂظޔ௾ຢɠಒ࣢ɿ
ۿɘɠƅఝ३୞ʂظޔ௾ຢɠଊɟɷɳƆɧʂɳʕƅGPUʦๆɘɳۿਙظޔɻʃƅ੺३୞ظޔʦ
ๆɘʟɧɼɠ಩์ɻɖɷɳƆɫɟɫʾ˦ˬ˳Ɵʾˮ˺ɻ੺३୞ظޔʦๆɘʟࣟ܄ƅԤʕڬܴʂ
ࡍঀʂɳʕɿƅظޔٌїɠఝ३୞ظޔɿʜʟظޔٌїɼΪɾʟя௾ड़ɠ۪ɜʝʠʟƆɱʂɳʕƅ
GPUɿʜʟۿਙшɴɥɻʃɾɣƅ੺३୞ظޔɿʜʟظޔٌїʌʂϳׄɿɸɘɺʖ٠࣍ɫɳƆݩ
ढ़ɫɳGPUʦๆɘɳʾ˦ˬ˳Ɵʾˮ˺˩ˎ˲ʃƅࡓ๝ʂCPUʦๆɘɳظޔ˩ˎ˲ɟʝ݂੒ɻ
172ఝʂۿਙшɠணʝʠɳƆʒɳƅظޔ३୞ɿʜʟظޔٌїʌʂϳׄɿɸɘɺʃƅॴଯظޔɻ
ఝ३୞ظޔʦๆɘɳٌїʦԷࡵɼɫɳ৷਻ڬܴʃ 10−6ଟ୞ɼɾʞƅஓଯظޔɻʖ 0.04ɼɾɷ
ɳƆɧʠʝʂɧɼɟʝƅGPUɿʜʟ˥ʫʶ˴˥ʷ˔ˍʪˊ ʶʾ˦ˬ˳Ɵʾˮ˺ʂۿਙшɠยڹ
ɻɖʟɧɼʦߟɫɳƆඕ٥֋ɻʃƅظޔ३୞ʂظޔٌїʌʂϳׄ૛ܵɻʃ Permalloyݛʦๆɘ
ɳߞՉϟۚਏʦๆɘɳƆݛດʘآࣨƅɩʝɿߞшۚਏɠΪɾʠʄڬɷɳظޔٌїɠணʝʠʟя
௾ड़ɠɖʞƅظޔ३୞ʂظޔٌїʌʂϳׄʂ૛ܵɠईɳɿ಩์ɼɾʟƆɫɟɫƅPermalloyݛ
ʃλ߫ߞՉΪ൘ड़ɠɾɣ (Ku = 0)ƅֲɘߞՉΪ൘ड़ʦߖɸ˖ƟːݛດɼಅҼɫɺ߹ڹߞҏયʂ
ॴߞҏɠঙʕʟӍ܄ʃ੒ɡɣɾʟƆɫɳɠɷɺƅඕ٥֋ɻʃظޔ३୞ʂϳׄɠٱુɿټʠɺɘ
ʟɼ۪ɜʝʠƅߞՉՒ໰୾ʂ˖Ɵːݛດʦๆɘɳࣟ܄ɻʃɩʝɿظޔ३୞ʂظޔٌїʌʂϳׄ
ʃࢡɩɣɾʟɼา২ɩʠʟƆ݂ईʂGPUɻʃఝ३୞ظޔਙ୞ɠ҉াɩʠɸɸɖʟɠƅGPUʂ
ʷ˴Ɵ˗˲˨˩˱ʃچ଑ɩʠɺɞʞ฻ຟʂ૰юɠࡥ๝ɾɘɧɼɟʝƅ˨˩˱฻ຟʦ۪ɜʟɼ˨
˩˱ࢶಐຟɠʜʞࢢɾɘ੺३୞ظޔʦๆɘʟɧɼɠ಩์ɿɾʟࣟ܄ʖɖʟƆɫɳɠɷɺƅܞڤ
ظޔਙ୞ɠ҉াɩʠɳɼɫɺʖظޔՑ෦ɿʜɷɺʃ੺३୞ظޔɠ಩์ɼɾʟƆʒɳƅټࣨɻʖ
ఝ३୞ظޔਙ୞ʃ੺३୞ظޔਙ୞ʜʞʖઢɣƅಒ࣢ɿਪɣʂظޔߗԝɠ಩์ɼɾʟʾ˦ˬ˳Ɵ
ʾˮ˺ɻʃ੺३୞ظޔʦๆɘʟɧɼɠ಩์ɻɖʟɼ۪ɜʝʠʟƆ
(2) ߞՉϟ˨˩˱ʂࡍঀшʂя௾ड़ʦ૛ܵɭʟɳʕɿƅˀ˛˺୊ກɿʜʟ୊ກߞҏڹїɿɸɘɺ૛
ܵɫɳƆˀ˛˺୊ກɿʜʟϟʺʩ৭ݩɻʃƅˀ˛˺ˏ˲ʶɼˀ˛˺୊ກɠݩʞࡥɭ୊ກߞҏʂ
ຑ൘ɠϟʺʩʂϬஓɿϳׄɭʟƆ୊ກߞҏʃߞՉˎʪˀʶʂಘݔшɼ֩ɿࠜɣɾʟɳʕƅ୊ກ
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ߞҏʂڹїɠ੒ɡɘࣟ܄ƅߞՉˎʪˀʶʂಘݔшɿ౛ɘ୊ກߞҏɠࠜɣɾʞƅˀ˛˺୊ກɿʜ
ʟϟʺʩ৭ݩɠɻɡɾɣɾʟɼʂ෻੕ɠɖʟƆɧʂɳʕˀ˛˺୊ກɿʜʟϟʺʩ৭ݩҷ๼ɿʃ
୊ກߞҏڹїʦ࣏ݔɿ૛ʍʟ಩์ɠɖʟƆߞՉˎʪˀʶ௅ɿݩʝʠʟ୊ກߞҏഇ೘ʃ೾ށɻɖ
ʟɳʕɿƅඕ٥֋ɻʃ˥ʫʶ˴˥ʷ˔ˍʪˊ ʶʾ˦ˬ˳Ɵʾˮ˺ʦๆɘɺƅ୊ກɿʜɷɺߞՉ
ˎʪˀʶ௅ɿݩʝʠʟ୊ກߞҏʦֆʕƅɱʠɲʠʂ୊ກව୞ɿ਻ɭʟ୊ກߞҏڹїɿɸɘɺ૛
ʍɳƆʾ˦ˬ˳Ɵʾˮ˺ٌїɟʝƅ୊ກߞҏڹїʃ୊ກව୞ʂ੒ɡɩɿʜɷɺബшɫƅ஦଑ʂ
୊ກව୞ɻ݂ࢡɿɾʟɧɼɠʣɟɷɳƆɱɧɻƅ୊ກߞҏʦү൘ڽढ़ഇɿʣɥɺ୊ກߞҏڹї
ʦ૛ܵɫɳɼɧʡƅ୊ກව୞ɿʜʟ୊ກߞҏʂү൘ڽढ़ഇʂϟʺʩɿิɜʟϳׄʂബшɠΪɾ
ʞƅڞɘɿਲɵࢶɫ܄ɚɷɺޝɷɳ୊ກߞҏڹїɠബшɭʟɳʕɿƅɱʂӍ܄ɠ݂ࢡɿɾʟ୊
ກව୞ɠਣݚɭʟɧɼʦ෗ʝɟɿɫɳƆʒɳƅ୊ກߞҏڹїʂӍ܄ʃ݂੒ɻʖ 8 %ଟ୞ɼࢡɩ
ɣƅߞՉˎʪˀʶಘݔшʂя௾ड़ʦߟɫɳƆ
(3) ϟʺʩʂΑ଑ड़ʃƅˎ˗ʫˀʂʼʫˁʦىʕʟ࡚์ɾ์χɻɖʟƆϟʺʩʂ౞ୃʦ౛ʣɾɘॴ
ଯɾࣨੁ (ޝຄߞшࣨੁ)ɿɞɥʟߞՉϟۚਏΑ଑ड़ɿɸɘɺʃՂɿൎ܍ɠɩʠɺɘʟƆɫɟɫƅ
ϟʺʩʂ౞ୃ৭ݩʦ۱ɾɚࣟ܄ƅ৭ݩયɿߞՉϟۚਏɠ൓ʠɺɫʒɚɧɼʖ۪ɜʝʠʟƆඕ٥
֋ɻʃƅߞш౞ୃߗɿϟۚਏɠ൓ʠɮɿΑ଑ɫɺ౞ୃʦ۱ɚɧɼɠɻɡʟˎʪˀʶʼʫˁʂࣥ
ِʦ૛ʍɳƆஓଯɾِࣥɻʂΑ଑ड़ɿɸɘɺʃƅ߹ݘɿAC୊ກɿʜʟϟʺʩʂ౞ୃʾ˦ˬ˳Ɵ
ʾˮ˺ʦ۱ɚɧɼɻϟʺʩ౞ୃߗɿ٪ʝʠʟ೾ށɾߞшۚਏʂஓଯബшʦ۪຋ɫƅߞш౞ୃߗ
ɿϟۚਏɠ൓ʠɮɿΑ଑ɫɺ౞ୃʦ۱ɚɧɼɠɻɡʟˎʪˀʶʼʫˁʂِࣥʦ૛ʍɳƆʾ˦ˬ
˳Ɵʾˮ˺ٌїʜʞƅϟۚਏʦ൓ɩɮɿϟʺʩʦ৭ݩɭʟɿʃƅॴଯɾࣨੁʜʞʖ 20∼80 nm
ଟ୞ߞՉˎʪˀʶ૥أʦ੒ɡɣɭʟ಩์ɠɖʟɧɼʦߟɫƅ๭ๆя௾ɾ݂ࢡˎʪˀʶʼʫˁʃ
40 nm ɻɖʟɧɼʦߟɫɳƆʒɳƅߞՉˎʪˀʶʂߞՉʯ˔˲ʵƟɼϟʺʩʂ౞ୃɿ಩์ɾߞ
Չʯ˔˲ʵƟɟʝƅஓଯظޔɻணʝʠɳٌїɠਰ୻ɻɖʟɧɼʦߟɫɳƆ
(4) ټݚൎ܍ɩʠɺɘʟϟʺʩʂ౞ୃࠡ൚ɻʃƅ౞ୃѬଟɻϟ-౞ϟʺʩ਻ɠ१ढ़ɩʠƅ१ढ़ɩʠɳ
ʺʩ਻ʦ਻ࢶෞɭʟɧɼɻ౞ୃɠՔɡɺɘʟƆʺʩ਻ʂ१ढ़ɿʃΜীۿɘ୊ກව୞ʂ୊ກɠ಩
์ɻɖʟɳʕƅߞՉϟʦๆɘɳˎ˗ʫˀ߹ټʂࣖқɼɾɷɺɘɳƆඕ٥֋ɻʃƅʺʩ਻ʦๆɘ
ɾɘ౞ୃࠡ൚ɼɫɺƅߞՉˎʪˀʶʂآࣨʦബɜ˘ˊʶ˥˺ˎʪˀʶʦๆɘʟࠡ൚ʦଚΕɫƅ
ʾ˦ˬ˳Ɵʾˮ˺ʦๆɘɺɱʂڹїʦ૛ʍɳƆʾ˦ˬ˳Ɵʾˮ˺ٌїʜʞƅࡓ๝ʂЌˎʪˀʶ
ʦๆɘɳ౞ୃࠡ൚ɼಅҼɫɺߞҏʦๆɘʟࣟ܄ɻʃ݂੒ 72 %౞ୃߞҏʦଊٹя௾ɻɖʟɧɼʦ
ߟɫƅˀ˛˺୊ກʦๆɘʟࣟ܄ɻʃ݂੒ 75 %౞ୃ୊ກව୞ʦଊٹя௾ɻɖʟɧɼʦߟɫɳƆߞ
ҏʦๆɘɳϟʺʩ౞ୃɻʃƅʩʾˀˏߞҏʦๆɘʟɧɼɻϟʺʩʂ౞ୃ൘ڽɠक़ڥя௾ɻɖʟ
ɧɼʦߟɫƅ˘˲ˀآࣨʦബɜʟɧɼɻ౞ୃʂۿਙшɠя௾ɻɖʟɧɼʖ෗ʝɟɿɫɳƆɩʝ
ɿƅˀ˛˺୊ກʦๆɘɳࣟ܄ɻʃ୊ກʂτю൘ڽɻϟʺʩʂ౞ୃ൘ڽɠक़ڥɭʟɧɼʦߟɫɳƆ
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ඕ٥֋ʦޞࣘɦʟɿɖɳʞƅਪɣʂ൘ƜɿɨࢊຢૡɡʒɫɳƆ
રੴ ϶ָࣾ࠯ɿʃਟ׋٥֋ʂܝɟʝޱ஖ָφɼɫɺ 6௰ԝɨޱ஖ૡɡʒɫɳƆ˥ʫʶ˴˥ʷ˔
ˍʪˊ ʶˀഇฅʦ॓ҏɻ˱Ɵːɭʟરੴগ१ɿɨޱ஖ૡɥɳɧɼʃƅ޽ʂڗʞɻɖʟɼӽɬɺɞʞ
ʒɭƆ٥֋ɿʃࡒഇɾظޔՆʦิɜɺૡɡƅ਩ʂ˥ʫʶ˴˥ʷ˔ˍʪˊ ʶˀʾ˦ˬ˳Ɵʾˮ˺ɿω
ɥʦɼʝɾɘʾ˦ˬ˳Ɵʾˮ˺ՠࡦʖโƜָɜɺૡɡʒɫɳƆ
٥֋߳ɴɥɿຄʒʝɮƅॅਪɣʂӁѼɿދюɩɯɺૡɘɳɧɼ੒ബӽࠌɫɺɞʞʒɭƆދюɫɳ
ӁѼɻʃโƜɾ٥֋ഇฅʂগ१൘ƅগఛ൘ʦɨࣅѻૡɡƅ٥֋ʂ໹ʦЈɜɺโƜɾ৷કʦഔɘɺૡ
ɣɧɼɠɻɡʒɫɳƆయާڤՃѬଟɿछʔɧɼɿ௻ʧɴɼɡƅરੴগ१ʂчɻछӁɭʟɧɼʦӲʕ
ɺɣɴɩɷɳগఛ൘ɿӽࠌɫɺɞʞʒɭƆɩʝɿʃƅːʫˋ˖˺˝˲ʶ੒Ӂʂগ१ʦɨࣅѻૡɡƅ
3˼ُԝʂݚҙ٥֋ʦرٲɭʟɧɼɠɻɡʒɫɳʂʖરੴগ१ʂɨथຢʂɞɟɦɻɖʟɼްɷɺɞ
ʞʒɭƆ٥֋ƅ܎ګƅϾګƅ˞˳˃˺ˍƟʾˮ˺ɼโƜɾߏɿරࡤɻɖɷɳ޽ɿƅՓ࡚ɾߗԝʦӍ
ɘɺ௯अɿɨޱ஖ૡɘɳɧɼ੒ബӽࠌɫɺɞʞʒɭƆ
஦ധ٥֋φ ތ୉؝ѻ޺ɿʃ֣୙੒ӁݚӁયʜʞƅ٥֋߳ɻʃগఛʂɘɾɘ޽ʂগఛ੐ʣʞɼɫɺ
โƜɾɨ৷કɿࣛɷɺૡɡӽࠌɫɺɞʞʒɭƆ٥֋ɿɞɘɺʖഅ๲ʂʣɟʝɾɘ޽ɿરੴগ१ɼɼ
ʖɿૃ௬ɿɨޱ஖ૡɡʒɫɳƆરੴ٥֋߳ɿ஦ധ٥֋φɼɫɺజਛɩʠɳݘɿʃƅ޽ʂ٥֋ʦޞࣘ
ɦʟࣘɻโƜɾɨࢊٿʦૡɡʒɫɳƆʒɳƅ٥֋ɿځʝɮअङɼʖɿढ़ૠɭʟɧɼʂ੒উɩʦָɜ
ɺૡɡʒɫɳƆ
֣୙੒Ӂ ࢡฅ Ֆઔָ࠯ƅإЫզࡣ੒Ӂ ௾ݥ ۉฯ࡯ָ࠯ƅഅ߸Ɖݛດ٥֋Նۚ٥֋φ Ӕ७ ࣾ݃
޺ƅ֣୙੒Ӂࢡฅ٥֋߳ਟ׋१ યฅ ൧ส޺ɿʃߞՉϟɿԟɭʟ٥֋ɿɞɘɺโƜɾɨթ໱ƅɨ֫
ຢʦૡɡʒɫɳƆ
˘˱௑੒ӁAndre´ Thiavilleయާƅୱใ੒Ӂ ߽୉ ΋฀࡯ָ࠯ɿʃϟʺʩʂϬஓɿ਻ɭʟ୊ກව୞
ഇ೘ƅ୊ກߞҏڹїʂ಻ьɿɞɘɺɨթ໱ૡɡʒɫɳƆ
˖˺˝˲ʶ੒Ӂ Andre´ Drewsయާɿʃݚҙ٥֋યɿƅ٥֋ɿځʝɮƅ೑Ӿʠɾːʫˋɻʂ१ӑ
ɻɞ॓໴ɿɾʞʒɫɳƆ
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